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Thermal DeOxygenation (TDO) is a process that converts organic acids produced from cellulose
hydrolysis and dehydration into a low-oxygen bio-oil containing substituted naphthene compounds. The
high aromatic content is desirable for gasoline fractions, but middle distillates such as diesel and jet fuel
require upgrading via hydrogenation and ring opening to achieve better combustion characteristics.
Previous research has demonstrated that TDO oil could be hydrogenated over high-surface-area nickel
catalysts to improve the combustion characteristics, but the cetane number was still below the
specifications.
Multiple supported catalysts were synthesized by ion exchange and incipient wetness
impregnation, and the catalysts were characterized by N2 physisorption, H2 chemisorption, NH3
temperature programmed desorption, and X-ray diffraction. Catalysts were evaluated for the ring opening
of decalin, a bicyclic molecule with similar composition to compounds found in hydrogenated TDO oil.
Using our trickle-bed reactor, we selected catalysts that showed promise due to a high product cetane
number and high activity (as measured by turnover frequency or reaction rate). The best candidate,
Ir/SiO2, yielded products with a cetane number increase of 5-6 points and possessed a high activity (5.7
ks-1, 481 µmol g-1 h-1).
Iridium and platinum catalysts were used to determine the ring opening mechanisms of monoand tri-branched alkylnaphthenes. We utilized product selectivities to ascertain the endocyclic

hydrogenolysis mechanism and we observed these differences as the substituent size changed. Iridium
catalysts preferentially cleaved unsubstituted C-C bonds, while Pt/SiO2 cleaved substituted bonds,
especially as the substituent bulkiness increased. Tri-branched alkylnaphthenes were also ring opened,
and we observed the product distribution diverged from the three commonly accepted mechanisms.
Lastly, we focused on the application of these catalysts to produce diesel and jet fuel from TDO
oil. Several catalysts were evaluated, and the Ir/SiO2 catalyst was determined to be optimal for this
process. We also evaluated several different methods of converting TDO oil into fuels. The Ir/SiO2 catalyst
proved tolerable of unsaturated compounds in the feedstock, and we showed that the ring opened TDO
oil products could be used as blending agents or drop-in substitutes for diesel and jet fuels.
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CHAPTER 1
INTRODUCTION
MOTIVATION
Fossil fuels are crucial for our everyday lives, allowing us to maintain a high standard of living and
forming a foundation for modern society. In the late 1900’s and early 2000’s, the United States was a net
importer of petroleum products, but in the last decade or so, the United States became a net petroleum
exporter and one of the largest oil producers in the world. Crude oil production is projected to reach a
record 14 million barrels per day by the year 2025 and remain at this level through 2050.1 And of the
products obtained from oil, transportation fuels, such as diesel and jet fuel, are projected to have
increased demand in the United States through 2050 (and likely longer).
Most commercially available transportation fuels are petroleum-based, despite their detrimental
environmental impacts and nonrenewable nature. At the same time, in the last two decades, there has
been a push towards the use of fuels from alternative feedstocks such as cellulose. These renewable fuels
are sustainable alternatives to petroleum-derived fuels and comprised approximately 7.9% of the fuel
blending pool in 2020.1 By 2050, that market share is expected to grow to about 10.2% with moderate
fuel prices, but models with higher crude oil prices predict the biofuel market share could rise to about
13.8%.1
Cellulose could be an important biofuel source in many parts of the United States. It comprises
about 40 to 50% of wood, and it can easily be obtained from biomass using existing techniques and
infrastructure. Additionally, numerous cellulosic sources exist, such as forest residues, agricultural
residues, and municipal solid waste (to name a few). There have been efforts to develop economically
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sound processes that convert waste materials into usable transportation fuels, which can reduce our
reliance on fossil fuels.
In this dissertation, we discuss a process termed Thermal DeOxygenation (TDO), which produces
an aromatic-rich oil from cellulose hydrolysate. We evaluate methods of upgrading the material into diesel
and jet fuels by use of model compounds to study hydrogenation and ring opening reactions over a variety
of catalysts. We compared the catalysts by analyzing the product cetane number and reaction rate to
identify optimum catalysts. We will also present two different studies that focus on producing high cetane
blendstocks and an investigation into ring opening mechanisms.
This dissertation has been divided into several different chapters. In the first chapter
(Introduction), I will talk about the motivation for this research project and how it fits into the scope of
producing renewable diesel and jet fuel from woody biomass. The second chapter (Synthesis, Design, and
Characterization of Ring Opening Catalysts) discusses the synthesis and characterization techniques used
on the catalysts of these studies. The third chapter is called “Production of High-Cetane Fuels from IrCatalyzed Decalin Ring Opening,” and in it I present applied research focusing on different Ir catalysts that
yielded high cetane number products and high reaction rates for decalin ring opening. The fourth chapter
(Understanding Alkylnaphthene Ring Opening Mechanisms Using Ir and Pt Catalysts) is a fundamental
study on the ring opening products of mono- and tri-branched alkylnaphthenes to evaluate the ring
opening mechanisms. In the fifth chapter (Production of Renewable Diesel and Jet Fuel from TDO Oil), I
discuss the application of these ring opening catalysts for TDO oil upgrading to diesel and jet fuel fractions.
The last chapter, Conclusions and Recommendations, is where I review the overall results of these projects
as well as some future experiments that may be conducted. Additionally, there are two appendices
attached to this work. Appendix A demonstrates different synthesis methods for the ring opening
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catalysts, while Appendix B has calculations for determining the presence of internal and external mass
transport limitations.
But first, in order to understand how cellulose-derived fuels might fit into the existing
transportation fuel infrastructure, it is helpful to understand petroleum refining processes, especially the
ones integral for the production of liquid transportation fuels.
PETROLEUM REFINING
Since the start of the Industrial Revolution, fossil fuels have played an important role in advancing
society and increasing our quality of life. Even today, most power generated in the United States and
abroad comes from burning coal, petroleum (oil), and natural gas. Most plastics are derived from
petroleum feedstocks, and they are used for a vast array of consumer goods (e.g., from food storage to
furniture). However, the largest single use of petroleum is for liquid transportation fuels.1
Transportation fuel demand is expected to increase in the future, and the demand for cleanerburning diesel fuel is projected to increase much faster than gasoline. Most of this increased demand is
driven by the Asia-Pacific region, where diesel fuel is more commonplace, which is in contrast to North
America, where gasoline demand is higher.2 And while gasoline demand is projected to increase by 2
million barrels per day (2020 versus 2050 levels), during the same time period the increase in diesel is
projected to be about 5 million barrels per day.3
Although there is increased demand for transportation fuels, there has also been a decrease in
the quantity of conventional reserves available. This is because the conventional reserves in the past were
preferentially extracted because of their lower boiling points higher fuel quality. Unfortunately for
refiners, unconventional reserves (e.g., shale gas, heavy oil, bitumen, etc.) are now more commonly
extracted. These are unwelcome because the oil contains large quantities of nonvolatile (e.g., asphaltene)
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components and heavier molecules. In turn, these are more difficult to refine and contain higher
quantities of heteroatoms.4 This trend is evidenced by the decrease in average crude oil specific gravity
by 0.12 °API/yr and an increase in the average sulfur content by 0.057 wt%/yr between 1997 and 2001.5
Figure 1 shows characteristics of conventional and unconventional reserves of crude oil, while Table 1
shows the elemental analysis of a typical petroleum sample.

Figure 1. Viscosity, density, and specific gravity of some conventional and unconventional reserves.
Reproduced from Speight (2007).4

Table 1. Ultimate analysis of typical petroleum reserves. Adapted from Speight (2007).4
Element
Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Metals (Ni and V)

Composition
83 – 87%
10 – 14%
0.05 – 1.5%
0.1 – 2%
0.05 – 6%
<1000 ppm

In order to convert the myriad of compounds found in crude oil to final products, petroleum
refineries rely on a vast network of upgrading processes. They are highly complex and systematic facilities
that can produce enormous quantities of fuel and petrochemicals from crude oil feedstocks. Although
crude oil is initially distilled into different fractions, each fraction typically requires a series of processing
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steps before conversion to the final product. A refinery schematic is displayed in Figure 2, which shows
several of the intermediate steps used to produce gasoline (motor gasoline blending) and diesel and jet
fuel fractions (distillate fuel blending).

Figure 2. Refinery streams used to produce petroleum fractions from crude oil. Reproduced from
Speight (2007).4
PRODUCTION OF DIESEL AND JET FUEL FROM PETROLEUM
As evidenced by the plethora of processes and streams visible in Figure 2, it makes sense that
transportation fuels are not comprised of a few chemicals. Instead, they are mixtures containing hundreds
or thousands of compounds. Because the goal of this research is to produce fuels that could replace
petroleum middle distillates, in this section I will focus on the production of diesel and jet fuels, which are
marked as “to distillate fuel blending” in Figure 2.
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If we assumed that the petroleum source fed to the distillation tower was conventional crude oil,
the main compound classes in the oil would be n-paraffins. For reasons that will be discussed in the next
section (c.f. Cetane Number), the best chemicals for diesel fuel happen to be n-paraffins. These molecules
have high cetane numbers and are particularly suited for a diesel engine, where ignition is caused by
compression in the chamber. Therefore, the production of diesel fuel (No. 2 distillates) for on-road
applications is fairly straightforward, as straight-run diesel is the main source of hydrocarbons, and that
could be sent immediately for blending.4 When separating the compounds on the GC-MS, it is obvious in
Figure 3 that the chemicals in ultra-low sulfur diesel (ULSD) fuel are paraffinic in nature.

Figure 3. GC-MS chromatogram of ultra-low sulfur diesel (ULSD) fuel.
Although the main compounds in the ULSD sample are n-paraffins, many of the smaller peaks are
isoparaffins (branched paraffins). These components are created by some of the cracking processes in the
refinery, mainly by the fluid catalytic cracker (FCC) and hydrocracker.4 No. 2 distillates boil between 180°C
and 380°C, typically contain between C11 and C20 molecules, and also include some unsaturated
compounds to ensure the required specifications are met.
While No. 2 distillates are cheaper fuels at the pump, they are only found at the pump in the
summer. During the cold winter months, the fuel is instead No. 1 distillate because it has a lower viscosity
and is less prone to gelling at low temperatures.4 These properties are caused by changes in the chemical
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properties, as the molecules in No. 1 distillates are lighter (C9 – C16) and have lower boiling points, with a
composition similar to kerosene.4
Kerosene is the straight-run product collected between the gasoline/naphtha and diesel fraction
from crude oil distillation. Thus, it has similar properties to each, but one of the main uses of kerosene is
for the production of jet fuel. While there are many different jet fuels on the market (see Figure 4), we
will focus our analysis on JP-8 and Jet A, which are used for military and commercial aviation applications,
respectively. While cetane number is one of the crucial requirements for diesel fuel, there are qualities
integral to jet fuel. As per ASTM D1655, which sets the standards for Jet A, the requirements state that
the flash point must be >38°C and the freezing point must be <-40°C. A sample hydrocarbon analysis of
several commercially available jet fuels is displayed in Figure 4.

Figure 4. Hydrocarbon analysis of commonly used jet fuels. Reproduced from Kang et al.6
In general, the compounds in Figure 4 have a high percentage of saturated compounds, and for
most of them, saturates comprise >80% of the fuel. The reason that the aromatic content is limited in
these fuels is because aromatic compounds increase the soot in the fuel, and there are smoke point
requirements for jet fuel.4,7,8 However, aromatics and some cycloparaffins are able to keep O-ring
elastomers swelled, which assist in avoiding leaks during operation.6,9 Jet fuel has a lower boiling point
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than diesel, even though some compounds are present in both fuel mixtures, as jet fuel boils between
175°C and 250°C and contains compounds with C10 to C16. A GC-MS chromatogram of JP-8 is displayed in
Figure 5, and the largest peaks in the chromatogram appear to be n-paraffins and isoparaffins, with some
cycloparaffins (as evidenced by trans-decalin below).

Figure 5. GC-MS chromatogram of JP-8 jet fuel.
Thus far, I have made it seem that producing diesel and jet fuel is easy, as some of the distillate is
taken as straight-run diesel and kerosene fractions. However, those streams may still contain
heteroatoms, including sulfur, nitrogen, oxygen, and metals (see Table 1). There are processes that can
remove these impurities, including hydrodesulfurization (HDS), hydrodenitrogenation (HDN),
hydrodeoxygenation (HDO), and hydrodemetallation (HDM).4 However, the use and breadth of these
reactions depends on the type of crude oil used as a feedstock as well as the location of the unit in the
refinery (i.e., the “bottom of the barrel” contains more heteroatoms than the lighter fractions). However,
in order to understand the compounds needed for each fraction, we first need to figure out what cetane
number is.
CETANE NUMBER
Cetane number (CN) is an important factor in determining the ignition quality of diesel fuel. Fuels
with high CN have short ignition delay times and are more beneficial in an engine. Just as octane number
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is paramount to gasoline, CN is probably the most important factor that affects the combustion of diesel
fuel. CNs typically range between 0 and 100, and the scale is based on two chemicals, n-hexadecane and
1-methylnaphthalene.
The linear hydrocarbon n-hexadecane (also known as n-cetane) is assigned a CN of 100, whereas
the polyaromatic molecule 1-methylnaphthalene is set as 0. Figure 6 shows the CN of various hydrocarbon
compound classes. It shows that compounds with the highest CNs are paraffins and olefins, while
isoparaffins and aromatics have much lower values. The figure also shows that CN increases as the
molecule gets larger (to an extent), although the exact structure of those atoms is more important than
the overall number of carbon atoms in a hydrocarbon.

Figure 6. Cetane numbers of some hydrocarbon structures. Reproduced from Rédey et al. (2011).10
CN is highly dependent on the arrangement of carbon atoms in a molecule.7 Linear molecules (i.e.,
paraffins) have higher CNs than branched ones (i.e., isoparaffins), as Figure 6 shows. In fact, as more
branching occurs in a molecule, the resulting CN decreases. Isoparaffins or cycloparaffins that have
multiple branches may lead to little-to-no (or even negative) cetane improvement. Figure 7 shows some
ring opening products (ROP) that can be obtained from decalin ring opening, a reaction that occurs on
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hydrogenolysis catalysts. Opening the first ring of decalin produces compounds that slightly increase the
cetane number, but the second ring opening is more important for determining the product CN.11 And
although there are multiple acyclic compounds shown in Figure 7, the final product distribution for decalin
ring opening is much larger, and the products can contain a wide range of CNs.

Figure 7. Cetane numbers for several decalin ring opening products. Reproduced from Santana et al.
(2006).11
The current fuel standard in most of the European Union is EN 590, which sets the minimum CN
at 51. That is in contrast with most areas in the United States, which base their CN on ASTM D975 (a
minimum CN of 40 with values typically between 42 and 44).12 However, individual states can pass
legislation exceeding the federal regulations, and California, known for its strict regulations, requires a
cetane number of 53, much higher than the national average of 42.13
As mentioned before, aromatic molecules have the lowest CNs of any hydrocarbon class. And of
the aromatic molecules, polyaromatic compounds (molecules with multiple unsaturated rings) have lower
CNs than monoaromatic ones. In order to increase the CN of a refinery feedstock like LCO, the compounds
should undergo successive hydrogenation and ring opening reactions.8
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Naphthalene, a diaromatic molecule found in the diesel range, has a mere CN of 5 and a high
density. The requirement for ASTM D975 diesel fuel is to have a minimum CN of 40 and a maximum
density (specific gravity) of 0.876 g/mL.14 Figure 8 shows a plot of CN versus density for some compounds
present when hydrogenating then ring opening naphthalene. The hydrogenation from naphthalene to
tetralin (tetrahydronaphthalene) and decalin (decahydronaphthalene) dramatically improves the CN and
density, but the two characteristics still remain below the required specifications. Ring opening can be
used to increase the CN, but it is important to selectively ring opening (SRO) the compounds, because SRO
minimizes the branching of molecules and favors products with high CNs. Unfortunately, there is no magic
spell that forces catalysts to perform only SRO reactions, but we can design catalysts that selectively
produce these molecules.
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Figure 8. Cetane number and density of some molecules formed by decalin ring opening. Modified from
Santana et al. (2006).11
THERMAL DEOXYGENATION (TDO) OIL
Many processes have been developed for the production of diesel and other renewable fuels from
cellulosic sources. The most common process is pyrolysis, which involves rapidly heating biomass to
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produce a mixture of oxygenated aromatic hydrocarbons. However, one of the issues with this process is
that the oily mixture contains large quantities of oxygen, which makes it unstable and difficult to upgrade.
It is also difficult to store and transport because it forms gums that clog pipes and other infrastructure.
For these reasons and others, other processes have been developed to produce renewable fuels.
Another process that produces renewable oil is through a process called Thermal DeOxygenation
(TDO). Schwartz et al. found that when calcium levulinate was heated to 450°C, it produced a vast array
of substituted aromatic hydrocarbons that had a potential higher heating value (HHV) of 35 MJ/kg.15 Case
et al. further advanced the work by testing various mixtures of calcium formate and levulinate salts to
further increase the HHV.16 They found that an equimolar mixture of levulinic and formic acids produced
a bio-oil, shown in Figure 9, that had a very low oxygen content and a HHV of 40.7 MJ/kg.17

Figure 9. TDO oil, showing phase separation between organic oil and water layers. Reproduced from
Case et al. (2012).16
Production of TDO oil requires both levulinic and formic acids, and the Biofine process can
produce both acids from cellulose using a dual-reactor setup.18,19 The first reactor operates in plug flow
mode and converts hexosan into a mixture of 5-hydroxymethylfurfural and hexose sugars. The second
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reactor, a continuous stirred tank reactor, converts hydroxymethylfurfural and the hexose sugars into
levulinic and formic acid in a 1:1 molar ratio as Equation 1 shows:
𝐶! 𝐻! 𝑂" + 2 ∙ 𝐻# 𝑂 → 𝐶$ 𝐻% 𝑂" + 𝐻𝐶𝑂𝑂𝐻

(1)

Eaton et al. further studied the TDO oil by analyzing its combustion characteristics and scaling up
the reaction from a 300 mL Parr reactor to a 3 L semibatch reactor.20 They found that the oil had a broad
boiling point distribution (75 – 550°C) and low total acid number (TAN), making it a candidate for liquid
transportation fuels. However, the high aromatic content causes the specific gravity, hydrogen content,
and cetane number to deviate from the federal specifications for diesel fractions.21 Further evaluations of
the distilled fractions indicated that about 15 wt% of the crude TDO oil was in the naphtha fraction
(<200°C) with an octane rating of 81 – 87 and had potential for blending in gasoline.20 Further distillation
yielded about 70 wt% of the fuel in the middle distillates region, with the remaining 15 wt% fraction
present as heavy gas oils.
In another study, Eaton et al. further increased production of crude TDO oil by increasing the scale
to a 50 L semibatch reactor.14 The crude oil was found to have similar characteristics as the oil from the 3
L reactor, and several of those properties are displayed in Table 2. Unlike pyrolysis oil, which contains a
high percentage (~20 wt%) of oxygen, TDO oil is noted for its low oxygen content (<6 wt%). Additionally,
the oxygen atoms are mostly present in ketone and alcohol functional groups, which are easily removed
by HDO. However, the hydrogen content and cetane number were found to be well below specifications
due to the high aromatic content of the middle distillate fraction. The crude TDO oil needed upgrading to
be used in diesel or jet fuel fractions.
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Table 2. Properties of crude and hydroprocessed TDO (HTDO) oil as reported by Eaton et al. (2015).14
Fuel Characteristic
Density (kg/dm3)
Carbon (wt%)
Hydrogen (wt%)
Oxygen (wt%)b
Cetane Number

ASTM Method
D1298
D5291
D5291
D5291-Diff
D976
a

13.5 (min)
40 (min)

Crude TDO
1.003
86.3
8.3
5.7
-c

HTDO
0.89
87.4
12.7
26.3

Requirements for ASTM D975 No. 2 Distillates
b

c

Requirementa
0.876 (max)

Oxygen content measured by difference.

Cetane number was not tested for crude TDO oil, but it was estimated to be <10.

The major components of TDO oil are mono- and diaromatic molecules, as Figure 10 shows, with
the most common molecule being 2-methylnaphthalene (2-MN, elutes at 22.8 minutes). Because of its
prevalence in TDO oil and the relative difficulty of hydrogenating and ring opening polycyclic molecules,
2-MN is a good model compound to study. If a catalyst was designed that had good hydrogenation ability,
we could potentially increase the cetane number of the fuel beyond the values reported by Eaton et al.14
Then, the TDO oil could potentially be used as a renewable blending component for diesel or jet fuels.

Figure 10. GC-MS chromatogram of crude TDO oil with major peaks displayed.
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UPGRADING TDO OIL TO FUELS
In order for TDO oil to be used as a blendstock for liquid transportation fuels, it needed to be
upgraded. One process by which the fuels could be upgraded was a hydrogenation (HYD) then ring
opening (RO), such as the scheme shown in Figure 11.
TDO Oil

HYD
Aromatics

HTDO Oil

RO

Cycloparaffins

Ni/Al2O3
Catalyst

Pt or Ir
Catalysts

RODO Oil
Cycloparaffins
Isoparaffins

+

Figure 11. Potential upgrading pathway from TDO oil to transportation fuels and compounds showing
what occurs in each process.
HYDROGENATION
The first step in improving the combustion characteristics of TDO oil is through HYD. At high
temperatures and pressures, when hydrogen is added to TDO oil in the process of a catalyst, the double
bonds in the aromatic molecules become saturated. Typical catalysts for these processes are precious
metal catalysts (e.g., Pt or Pd),22–24 transition metal sulfide catalysts (e.g., NiMo, CoMo, NiW),4,8,25,26 or
non-precious metal catalysts (e.g., Ni).27–29 Precious metal catalysts are advantageous because they can
operate at low temperatures and pressures, but they are limited resources and have high costs, as
compared to the transition metal sulfide catalysts, which are inexpensive but require severe operating
conditions and sulfur in the feed. Non-precious metal catalysts are advantageous for this process because
they are inexpensive, do not require sulfur, and can operate at moderate conditions.
In a study on TDO oil HYD, Eaton et al. hydroprocessed the oil using a silica-alumina-supported
nickel catalyst purchased from Alfa Aesar.14 They obtained a 94% mass recovery of hydrotreated TDO
(HTDO) oil after processing for 700 hours of time-on-stream, and the upgraded TDO oil had a better
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density, hydrogen content, and cetane number values than the crude oil, as Table 2 shows. The oxygenate
species were also completely removed from the HTDO oil, but the cetane number of the fuel was still only
found to be 26.3 as per ASTM D976. Analysis of the naphtha fraction of crude TDO and hydroprocessed
HTDO oils are found in Figure 12.

Figure 12. Molecular classes of components found in crude and hydroprocessed TDO oil in the naphtha
fraction. Reproduced from Eaton et al. (2015).14
Although hydrotreating TDO oil with the Alfa Aesar catalyst increased the combustion
characteristics, the HTDO oil still did not reach specifications. This was partially because the catalyst did
not completely saturate the aromatic molecules and because the cycloparaffin/isoparaffin content was
too low.
In an effort to further study HYD, Kline et al., decided to study the HYD of 2-MN, which was the
most common component found in TDO oil.29,30 They tested a variety of different Ni catalysts with various
supports and looked for catalysts with high TOFs and a high selectivity towards methyldecalin (MD) isomer
cis-MD, which has a higher cetane number than trans-MD. They found that incipient wetness
impregnation (IWI) catalysts had low TOFs and low selectivities to cis-MD, especially when compared to
coprecipitated catalysts, which had three-fold increases in activity and almost double the selectivity to
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the desired MD isomer. They then tested coprecipitated catalysts containing different weight percentages
of Ni and compared the results to the Alfa Aesar commercial catalyst utilized by Eaton et. al. Those results
are displayed in Figure 13 and show that the catalysts all had similar cis-MD selectivity. It also shows that
the HYD temperature was important in determining the final cis- selectivity and the amount of Ni in the
catalysts might play a role in the selectivity as well.
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Figure 13. Cis-MD selectivity of coprecipitated Ni catalysts and a commercial Alfa Aesar (Ni/kieselguhr)
catalyst. Reproduced from Kline et al.29
The catalysts also possessed large pore volumes and high surface areas, making them ideal for
impregnation of another metal onto the surface of the catalyst. Using IWI, 1 wt% of another metal was
added to a 60 wt% Ni/Al2O3 catalyst. The results are displayed in Figure 14 and show much larger
differences than the previous figure. The addition of the second metal was important, and the catalyst
containing Pt (PtNi/Al2O3) produced significantly more trans-MD, while the catalyst containing Ru
(RuNi/Al2O3) was selective to cis-MD. Combined, the results of these experiments showed that it was
possible to not only completely hydrogenate 2-MN to MD using Ni catalysts, but also that we could
selectively produce trans-MD (which is ideal for jet fuel) or cis-MD (which is ideal for diesel fuel) depending
on the catalyst.
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Figure 14. Cis-MD selectivity of various bimetallic coprecipitated Ni catalysts. For comparison purposes,
the selectivity of monometallic 60Ni/Al2O3 is displayed. Reproduced from Kline et al.29
We have also worked on hydrotreating certain distillate fractions of TDO oil. Thus, instead of
hydrogenating the whole TDO oil sample shown in Figure 10, a more targeted region of the chromatogram
could be studied. Since our goal is to convert TDO oil into diesel and jet fuels (which have higher boiling
points) it is unnecessary to hydrogenate the low boiling point compounds. When the heavier components
of TDO oil were hydrogenated and then subsequently distilled to the compounds between 150 and 325°C,
the components were completely saturated, as Figure 15 shows.

Figure 15. GC-MS chromatogram of F-76 (150 – 325°C) cut of HTDO oil.
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The HYD process using the Alfa Aesar catalyst produced mostly MD (and specifically the transisomer). When this F-76 distillate was tested for CN using ASTM D613 (note that this is different than the
ASTM method before), the results showed that the CN was 36.7. This was a significant improvement from
TDO oil, which had a value around 10. Therefore, in order for the fuel to meet the federal requirements,
the CN only has to be increased by 3.5 points, which is definitely possible.
RING OPENING
In order to increase the CN above the desired number 40, we believe that ring opening (RO), and
specifically selective ring opening (SRO), is the best way for us to further increase the CN as well as
increasing the hydrogen content and decreasing the fuel density. While this process has never been done
for TDO oil, it has been used to increase the CN of other petroleum feedstocks (e.g., LCO) by anywhere
between 5 and 11 points.31,32
The goal of ring opening HTDO oil would be to convert the dicyclic substituted decalins to
monocyclic cycloparaffins (naphthenes) and acyclic n-paraffins and isoparaffins. In addition to [hopefully]
increasing the CN, it would also simultaneously increase the hydrogen content (because H2 is added to
the molecule when a bond is broken) and decrease the density (see Figure 8) of the fuel. The experiments
in this dissertation were conducted on model compounds in order to study the ring opening of molecules
similar to the ones found in HTDO oil. Chapter 5 in this dissertation discusses some experiments showing
how the catalysts I developed were used for HTDO oil ring opening.
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CHAPTER 2
SYNTHESIS, DESIGN, AND CHARACTERIZATION OF RING OPENING CATALYSTS
INTRODUCTION
Although there is limited literature for ring opening catalysts, there is more available for C-C
hydrogenolysis, particularly for alkane cracking.33–35 Additionally, the catalysts In both of these systems
are similar, as the overall goal on these catalysts is to break a C-C bond. However, due to the stability of
C-C bonds and in particular ones in 6-membered rings, there are only a limited number of metals that can
efficiently perform these reactions. This is in contrast to the HYD catalysts, which can be comprised of a
wide variety of metals.
In an article testing the ability of different metals for ring opening of methylcyclopentane (MeC5),
McVicker et al., tested five different catalysts (0.6Pt/SiO2, 0.3Pt/Al2O3, 15Ni/Al2O3, 1.5Ru/SiO2, and
0.9Ir/Al2O3) and found that they all behaved similarly.36 All but one of these catalysts had a ring opening
selectivity greater than 80%, and that one was Ru, which performed both ring opening and then further
hydrocracking reactions. Those authors noted that the order of metals for ring opening catalysts [for 5membered rings] went in the order of: Ir ~ Rh > Pt > Ru > Ni. When they moved on to 6-membered rings
and looked at methylcyclohexane (MeC6) ring opening, they observed that the catalysts were much less
active for hydrogenolysis and the order of metal activity and ring opening selectivity was: Ir >> Pt ~ Ru >
Ni (they did not test Rh here).36
The trends observed in that study were representative of most of the literature. In fact, a vast
majority of catalysts used for ring opening are based on Ir. After that, the next most common metal is Pt,
followed by a large gap before the uncommon/rare ring opening metals of Rh, Ru, and Pd. However, just
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because a metal is not commonly used does not necessarily mean that it is inactive for the reaction, and
later in this dissertation, we look at the results for a variety of different metals for decalin ring opening.
Additionally, some researchers have designed bimetallic catalysts that combined the features of
individual metals. The most common combination is Ir and Pt, which has good hydrogenolytic features
from the Ir and selectivity to high cetane products from the Pt.37–40 However, there were other studies
that attempted to find the Sabatier optimum (where the interactions of the molecule and catalyst are
optimized). To name a few, some of the bimetallic catalysts were comprised of Pt-Ru,41,42 Rh-Pd,43–45 and
Ru-Pd46.
Because the ultimate goal of this project is to design catalysts that can be used for commercial
upgrading, we also need to consider economic factors in our metal selection. Some of the transition
metals mentioned before are not cheap, and the current prices for some of the more common transition
metals are shown in Figure 16 with prices from 2006 and 2022. Although the metals are expensive, the
amount of metal in the catalyst should remain the same over time. Additionally, the system would be able
to run for months or years at a time, so the economics of picking an expensive catalyst could improve.

Figure 16. Price of several transition metals used in catalysts with 2006 (left) and 2022 prices (right).47
2006 prices reproduced from Eijsbouts et al. (2007).48
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Unfortunately, the metals commonly used for ring opening reactions all are expensive as Figure
16 shows. The most common metals, Ir and Pt, are the second- and fourth-most expensive metal based
on 2022 prices. In an ideal world, we would prefer if the catalysts were less expensive, but a high catalyst
cost could prove beneficial if it yielded a high reaction rate and/or less severe operating conditions. These
could turn into a situation where there would be a higher initial cost, but the cost savings would be spread
out over long periods of time. Also, the price of Ir (and Rh) significantly increased over the 16-year span.
This is probably due to the way the metals are mined and separated. Both Ir and Rh are produced as byproducts of Pt mining. And since Pt mining has been suppressed over the last decade (due to the low price
of Pt), the price of Rh and Ir is significantly affected by supply and demand. If the price of Pt increased and
more Pt production was brought on-line, then there would likely be a corresponding decrease in the price
of Ir and Rh.
In addition to a metal functionality, ring opening catalysts are usually supported on a material.
Most importantly, the role of the support is to disperse the metal throughout the surface. Because
reactions can occur on the catalyst surface, metal inside the bulk of the catalyst is inaccessible to reactants
and does not play a role in the reaction. This is especially important given how expensive some transition
metals are (Figure 16), as it is much cheaper to produce a catalyst with only 3 wt% Ir compared with one
that is 100% Ir. Additionally, there are instances where control of the size of the metal nanoparticles is
important, and the nanoparticle size and dispersion contribute to the reaction mechanism.36,49
The three main types of ring opening supports are as follows: acidic supports, ion-exchanged
supports, and neutral supports. Acidic supports are typically proton-form zeolites such as H-Y, H-BEA, or
H-ZSM-5 (to name a few). These supports (which can also act as catalysts), contain an abundant quantities
of Brønsted acid (BA) sites (the concentration of which can be determined by using the Si:Al ratio).

22

Unfortunately, those BA sites perform unwanted side reactions that lead to decreased cetane
numbers.50,51 Ion-exchanged zeolites have lower concentrations of BA sites, but they still do some
unwanted isomerization reactions.52 However, these two supports are advantageous because the BA sites
are able to isomerize 6-membered rings to 5-membered rings (which are easier to ring open) and also
because small metal nanoparticles can be distributed onto the surface.53,54 The final type of support is a
neutral support, which encompasses most materials that lack BA sites, but may (or may not) have Lewis
acid (LA) sites.

55

Although the supports cannot assist in ring opening, they can allow for direct

comparisons of the hydrogenolysis ability of each metal.
Most catalysts use one of the two main metals (Pt or Ir) and one of the three types of supports.
Using a combination of these, the three types of ring opening catalysts are as follows: monofunctional
acidic catalysts, bifunctional catalysts with metallic and acidic sites, and metallic catalysts supported on
neutral oxides.36,56 Monofunctional acid catalysts are zeolites without a metal on the surface, while a
bifunctional catalyst is a zeolite (or ion-exchanged zeolite) with a metal deposited on the surface. Lastly,
a metallic catalyst contains a metal supported on a neutral support (an oxide). In this study, all the
catalysts will be either bifunctional or metallic catalysts.
MATERIALS AND METHODS
CATALYST SYNTHESIS
All catalysts used in this research were synthesized by two methods: ion exchange (IXC) or
incipient wetness impregnation (IWI). Table 3 shows an overview of the types of catalysts used and also
includes references to the exact catalyst synthesis, which can be found in Appendix A.

23

Table 3. Synthesis methods for the catalysts used in this research. a Corresponds to the location of the
references in Appendix A.
Synthesis Method
Ion Exchange (IXC)
Incipient Wetness Impregnation (IWI)

Ref.a
A–E
F–K

ION EXCHANGE
The process of ion exchanging a catalyst is typically done more than once and often with different
materials. The first (and possibly second, third, etc.) ion exchange uses an alkali metal to get that metal
(e.g., Na) to latch onto and remove a hydrogen from a BA site. By being able to bind the other metal to
the site, this would reduce the catalyst acidity, and the difference could be quantified by using NH3 TPD.
However, if the catalyst also had transition metal sites on it, the last ion exchange is performed with the
goal of getting the catalytically active metal (e.g., Ir) onto the catalyst surface.
When performing an ion exchange, the first step was to add the zeolite to a solution of 1M NaNO3
or 0.1 M CsCl (depending on the ion exchanged metal). From there, the solution was heated and stirred
to allow the ion exchange to occur. Then, the sample was washed to remove unwanted ions, and the
catalyst was dried and crushed to size. Depending on the desired catalyst acidity, there could be further
alkali ion exchanges.
The initial ion exchange reduced the number of BA sites on the catalyst, and in the second ion
exchange, the active metal is added. In order to do this, the ion exchanged zeolite and an Ir complex
(chloropentaamineiridium(III) chloride) were added to a solution of deionized water, which was heated
and stirred. After a set amount of time, the solution was transferred to an evaporation dish and dried in
the oven. The residual solution was crushed to size, and in theory, the nanoparticle size was extremely
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small because only small metal clusters could form around bridging hydroxyls on what used to be BA
sites.54
INCIPIENT WETNESS IMPREGNATION
Of the catalyst synthesis methods, incipient wetness impregnation (IWI) is the most common. The
impregnation of porous supports is simple, has limited waste byproducts, and gives reproducible results
between batches.57
The first step in synthesizing a catalyst via IWI was to determine the incipient wetness point of
the support. Water was added dropwise to the support until it filled the pores, and that specific amount
of water was used to determine the volume inside the pores of the support. Next, a metal solution was
prepared by dissolving a metal precursor (e.g., iridium(IV) chloride) in a solution of water (which had an
equivalent volume as the support pore volume).
When the metal solution was slowly dropped onto the support, capillary action drew the metal
solution into the catalyst pores. The support was stirred to break up chunks and to distribute the solution
evenly. After the dropwise addition of the metal solution, the wet support was dried to remove the solvent
(e.g., water) from the pores, leaving behind particles of metal precursor. The catalyst was then heated
(i.e., >350°C) in oxygen to oxidize the precursor, which left the metal oxide (IrO2) deposited on the catalyst.
At that point, the catalyst was safe to store and be used when necessary. When it was time to run a
reaction, the calcined catalyst was placed in the reactor and reduced with hydrogen at high temperatures
using a specific temperature ramp.
Since the desirable hydrogenolysis reactions take place on metal sites on a catalyst, at first glance
it might seem ideal to apply as much metal as possible to the surface. However, above a certain loading,
the extra metal particles agglomerate (where smaller particles combine together) and the resulting

25

catalyst has a decreased surface area and metal dispersion.58 Additionally, because the metals used for
these ring opening reactions are expensive (see Figure 16), there is a trade-off between the cost of the
catalyst and the desired activity.
CATALYST CHARACTERIZATION
NITROGEN ADSORPTION/DESORPTION
Nitrogen physisorption was performed on a Micromeritics ASAP 2020, which is displayed in Figure
17. The multistep procedure involved carefully weighing out the sample, degassing the tube, and running
sample analysis. Long, narrow bulb tubes were used to hold the samples. The mass of the tube and frit
(the cap on the tube) were weighed out and then the sample was added. Generally, about 0.1 g of sample
was weighed out, with less mass used for samples with high surface areas (>200 m2 g-1) and more mass
used for lower surface area catalysts (<100 m2 g-1).

Figure 17. Micromeritics ASAP 2020 instrument used for nitrogen physisorption and hydrogen
chemisorption.
After the samples were weighed out, they were placed in the instrument for degassing. During
the evacuation phase, the sample was heated to 90°C at 10°C/min while evacuating to 100 mmHg for an
hour. Afterwards, the sample was heated to 350°C at 10°C/min and was held constant for 4 hours to
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further evacuate the sample. After the sample cooled to room temperature, it was weighed out again and
placed in the analyzer port. During the analysis phase, a Brunaner-Emmett-Teller (BET) isotherm was
taken at 77 K. A sample isotherm is displayed in Figure 18 showing the adsorption and desorption curves.
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Figure 18. Sample nitrogen adsorption and desorption curves.
Specific surface areas (m2 g-1) reported in this thesis are measurements of the BET surface area.
Pore volumes (cm3 g-1) and pore diameters (Å) were calculated using the adsorption branch of the BarretJoyner-Halenda (BJH) equation utilizing the Kruk-Jaroniec-Sayari (KJS) correction.
HYDROGEN CHEMISORPTION
Hydrogen (Matheson, 99.999%) chemisorption for each catalyst was also measured with a
Micromeritics ASAP 2020. The calcined catalysts were evacuated at room temperature and then reduced
under flowing hydrogen at 350°C for 4 hours at a rate of 1°C/min. The sample was also degassed at 350°C
for an hour and subsequently cooled to the analysis temperature of 35°C. Repeat analyses were used to
distinguish between H2 uptake from metal (M) nanoparticles compared with uptake from the support.59
We assumed an uptake ratio of 𝑛& /𝑛' = 1 and a hemispherical nanoparticle shape for the dispersion (𝐷)
calculations,60 and the metal nanoparticle size (𝑑( ) was calculated according to:
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𝑑( =

1.1
𝐷

(2)

TEMPERATURE PROGRAMMED DESORPTION
Ammonia temperature programmed desorption (NH3 TPD) measurements were taken using a
vacuum system connected to an SRI Residual Gas Analyzer (RGA 200). Samples were loaded into long,
narrow glass tubes with a fritted glass layer to hold solid samples, which was placed inside an aluminum
block used to heat the sample. Both ends of the glass tube were connected to Swagelok tubing using ¼”
ferrules and nuts. A schematic of the TPD setup is shown in Figure 19. Additionally, the reactor outlet from
the trickle bed reactor (TBR 3) I used was hooked up to the RGA setup to do on-line analysis of samples.
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1 mol% NH3/He

Glass Tube
& Catalyst

1 mol% H2/He
1 mol% O2/He

FI
Residual Gas
Analyzer (RGA)

Vacuum System
From TBR 3

Figure 19. TPX (temperature programed X, where X is desorption, reduction, or oxidation) reactor setup
for TPD.
To perform the analysis, the computer connected to the RGA was set to Pressure vs. Time mode.
Nine fragments of interest were continuously scanned during the analysis ([m/z – fragment] 28 – N2, 32 –
O2, 17 – NH3/OH, 16 – NH2/O, 15 – NH, 14 – N, 18 – H2O, 2 – He, 40 – Ar). From there, the temperature
was ramped to 150°C and a mixture of 1 mol% NH3/He (30 sccm) was flowed over the sample for 45
minutes. Then, the gas was switched to pure He (30 sccm) for an hour and a half at 150°C, followed by
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decreasing the temperature to 50°C with the same inert gas flow. Then, the He flow was increased to 50
sccm and the temperature was ramped from 50° to 550°C at a rate of 10°C/min. The temperature was
then allowed to sit at 550°C until the Pressure vs. Time curve for m/z of 18 (NH3) flattens out. During the
final two steps (temperature increase to 550°C and temperature dwell at 550°C), the pressure was plotted
against the temperature (like Figure 20) and the area under the curve could be calculated. That value,
along with the amount of sample used and the molar ratio of NH3 versus pressure could all be used to
determine the total acidity of the catalyst (recorded as mmol NH3/g).
NH3-TPD Curve for 1x4hrCsB 70°C
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Figure 20. NH3 TPD curve for 1xCsBEA support.
In Figure 20, there are two main types of sites on the catalyst, low temperature sites (sites where
ammonia desorbs at less than 400°C) and high temperature sites (where ammonia desorbs above 400°C).
Although not reported in this dissertation, these sites can be useful in identifying the site strength. In
addition to performing TPD, the TPX setup was also able to perform temperature programmed oxidation
and reduction analyses, which are useful for determining the temperatures required to fully oxidize and
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reduce a catalyst respectively. These analyses required different gases of O2/He and H2/He, which were
connected to the system.
X-RAY DIFFRACTION
X-ray diffraction (XRD) analysis was performed on a Panalytical X-Pert Pro. Samples were prepared
by placing about 0.1 g of calcined catalyst onto a glass plate. The plate was inserted into the instrument,
and the sample was scanned from 10 to 80° using a scan step size of 0.05°. The instrument used a Cu Ka
X-ray anode with a parabolic mirror, 10 mm mask, and slit of 0.5°. As the sample was being scanned, a
255-channel PIXCEL detector was used to generate the resulting XRD spectra. Iridium particle size
measurements were conducted for the (1 0 1) IrO2 reflection using the Scherrer equation:
𝜏=

𝜅𝜆
𝛽 cos 𝜃

(3)

where 𝜏 is the particle size (equivalent to 𝑑( ), 𝜅 is the shape factor of the peak (which we assumed to be
0.94), 𝜆 is the x-ray wavelength (for a Cu Ka X-ray anode it is 0.15418), 𝛽 is the full width at half maximum
(FWHM) value of the (1 0 1) reflection, and 𝜃 is the Bragg angle of the incident light (which was the 2𝜃
value of the (1 0 1) reflection.
RESULTS AND DISCUSSION
Immediately after the catalysts were synthesized, they were still inactive. In order to convert the
catalysts to their active forms, they had to be calcined and then subsequently reduced. The calcination
process converted the metal precursors into their respective metal oxide (e.g., from IrCl4 to IrO2) upon
the addition of oxygen (from air) at high temperatures. From there, the metal oxide was reduced to its
active metal form (e.g., from IrO2 to Ir0) upon the addition of hydrogen at high temperatures (depending
on the metal reducibility).
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After each of the catalyst precursors were synthesized, they were dried in an oven at 90°C for 3
hours. The resulting precursors were crushed and sieved to 80 to 140 mesh. The samples were then
calcined in a muffle furnace at 350°C for 4 hours using a heating ramp of 1°C/min. From there, the catalysts
were placed into the reactor and were reduced in situ under flowing hydrogen (Matheson, Grade 5) at
350°C for 4 hours using a heating ramp of 1°C/min.
Individual results for nitrogen physisorption and hydrogen chemisorption are recorded in the
following chapters (see Table 5 and Table 9), and to avoid repeating them, the analysis has been excluded
from this section and included in the text of the chapters. However, results from NH3 TPD and XRD are
presented in this section rather than in the later chapters.
Since the goal of ion exchanging the zeolites was to reduce their acidity, we used TPD as a method
to quantify the total acidity. Unfortunately, zeolitic ion exchanges occurred at many different
temperatures in the literature.43,51,61,62 We decided to test the effect of ion exchange temperature on the
total support acidity, and the results are shown in Figure 21. The results show that there appears to be
minimal acidity around 80°C. It was expected that at low temperatures, the ion exchange process would
not have as much effect as at high temperatures, because the ion exchange requires energy. However,
we were surprised to find that the optimum temperature was not at the highest temperature tested, but
rather in the middle. The higher acidity at higher temperatures might be caused by the ions being slightly
more stable in the solution at that temperature compared to lower temperatures. Regardless, the first
ion exchange was successful and dramatically reduced the overall zeolite acidity.
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Figure 21. Effect of total zeolite acidity (measured by NH3 TPD on BEA zeolite) as a function of ion
exchange temperature when using 0.1 M CsCl and CP814C BEA.
The ion exchanges that took place in Figure 21 were performed with 0.1 M CsCl to incorporate Cs
into the zeolite. However, there are other alkali cations that can use used for the same purpose, and
elements from Li to Cs have been used. However, in previous studies, it has been found that Cs was the
optimum cation for reducing acidity in BEA catalysts, whereas Na was the best for FAU zeolites.53,63 We
decided to analyze the differences between these two cations and we calculated their acidity as a function
of the number of times a support was ion exchanged, and the results are shown in Figure 22.
The results indicate that both cations are able to dramatically reduce the BEA zeolite acidity, as
the unadulterated BEA zeolite had an acidity of about 3200 mmol NH3/g. There was about a three-fold
decrease in the acidity after the first Na exchange, but the Cs exchange was able to decrease the acidity
by a factor of 20. And while the first ion exchange was able to dramatically reduce the acidity, further
exchanges had diminishing returns with respect to the acidity, although they did still decrease. Also
notable is that Cs is significantly better at reducing the acidity than Na, and this will make sense later in
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this dissertation when comparing the product selectivity of Ir/1xNaBEA (a once-Na-exchanged BEA
zeolite), Ir/1xCsBEA, and Ir/2xCsBEA for decalin ring opening.

Acidity (mmol NH3 g-1)
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1
0

1
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3

Number of Ion Exchanges
Figure 22. Effect of total zeolite acidity as a function of the number of ion exchanges using different
alkali cations. All ion exchanges occurred at 80°C for 4 hours.
In addition to understanding the TPD results, we also performed XRD on BEA and the catalysts
used for decalin ring opening, the results of which are displayed in Figure 23. The catalysts containing ionexchanged BEA all show a characteristic reflection at 22.4°, which is the most prevalent reflection in
unadulterated BEA. Several other reflections are present that correspond to BEA, but their intensity is
much lower. The diffractogram for the Ir/SiO2 catalyst has four reflections indicative of IrO2, which occur
at 27.6°, 34.4°, 53.7°, and 65.7°, and correspond to the (1 0 0), (1 0 1), (2 1 1), and (1 1 2) planes. The
diffractogram for the Ir/Al2O3 catalyst has three reflections at 36.6°, 45.8°, and 66.8°, which correspond
to the (3 1 1), (4 0 0), and (4 4 0) planes of g-Al2O3. The only catalyst that had nanoparticles large enough
to be visible by XRD was Ir/SiO2, the average size of which is in agreement with the H2 chemisorption
measurements shown in Table 5.

33

Figure 23. X-ray diffractograms of the calcined catalysts used for decalin ring opening as well as BEA for
reference.
XRD was also performed on the three catalysts used for alkylnaphthene ring opening, and those
results are shown in Figure 24. The XRD diffractograms show very few reflections, and they are
concentrated on the Ir catalysts. For the Ir/SiO2 catalyst, the reflection at 27.3° corresponds to a (1 1 0)
plane, while the largest reflection occurs at 34.4° for a (1 0 1) plane. The other two barely visible reflections
are at 53.7° and 65.7° and correspond to (2 1 1) and (1 1 2) planes, respectively. However, the Pt/SiO2
catalyst does not display any visible reflections, indicating that the nanoparticles are small (<4 nm), in
agreement with the H2 chemisorption measurements in Table 9. The same is true for the Ir/CsBEA catalyst,
as there are no peaks corresponding to IrO2, but rather the peaks correspond to BEA.
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Figure 24. XRD diffractograms of the Ir and Pt catalysts used for alkylnaphthene ring opening.
Using the Scherrer equation, the particle size of the Ir/SiO2 catalyst was determined using the
FWHM of the (1 0 1) reflection. The resulting metal particle size, 6.7 nm, is in good agreement with the
value calculated by H2 chemisorption (7.3 nm, found in Table 9). Unfortunately, since the nanoparticles
were so small on the Ir/CsBEA and Pt/SiO2 catalysts, their particle sizes could not be verified using XRD.
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CHAPTER 3
PRODUCTION OF HIGH-CETANE FUELS FROM IR-CATALYZED DECALIN RING OPENING
INTRODUCTION
Hydrogenation of aromatics followed by selective ring opening is an appealing process to produce
liquid transportation fuels (i.e., diesel, jet fuel) from biomass-derived feedstocks.11,14,16,64 One such process
is Thermal DeOxygenation (TDO), which is a process to convert organic acids from cellulose hydrolyzate
into a low-oxygen bio-oil containing large amounts of substituted naphthalene compounds.14–16,20 In a
recent work, we synthesized several Ni hydrogenation catalysts for the hydrogenation of biomass-derived
TDO oil.29,30 The results showed that hydrogenation alone was insufficient to increase the cetane number
above the specifications for No. 2 distillate, as per ASTM D613. Together, hydrogenation and ring opening
are vital for enhancing fuel combustion characteristics, in particular cetane number.5 However, is
important to ensure that complete hydrogenation is achieved and desired ring opened molecules are
produced.36,46 Therefore, in this study, we aim to design and synthesize efficient ring opening (i.e.,
endocyclic hydrogenolysis) catalysts.
The three main types of ring opening catalysts are as follows: monofunctional acidic catalysts,
bifunctional catalysts with metallic and acidic sites, and metallic catalysts supported on neutral oxides.36,56
Acidic catalysts, based on proton-form zeolites, can be used to ring open cyclic molecules, but they are
limited by their poor selectivity towards ring opened products (often <20%).50,51 Bifunctional catalysts
produce higher quantities of ring opened products, but they also perform unwanted cracking,
dehydrogenation, and isomerization side reactions.52 Lastly, monofunctional metallic catalysts have high
selectivities towards desired hydrogenolysis reactions, but generally have lower activity than bifunctional
catalysts.55
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Ring opening catalysts that contain metal sites are typically synthesized with Ir or Pt. Multiple
studies have shown that of these two, Ir is much more active in ring opening than Pt.36,53,55,63,65 However,
the ring opened products from Pt catalysts have enhanced cetane numbers, owing to their different
hydrogenolysis reaction mechanisms.11,63 Ir catalysts (along with Rh, Ru, Ni, and Pd) perform
hydrogenolysis via the dicarbene mechanism, which allows for C-C bond cleavage at unsubstituted
carbons.36,66,67 The products of the dicarbene mechanism are often highly branched and have lower cetane
numbers when compared to products of the multiplet (i.e., p-adsorbed olefin) mechanism.11,67 The
multiplet mechanism has been observed on highly dispersed (i.e., metal nanoparticle size <5 nm) Pt
catalysts and cleaves C-C bonds with uniform distribution, regardless of the number of alkyl branches
present.49 However, Gault proposed a metallocyclobutane mechanism for Ir that allows for ring C-C bond
cleavage of substituted molecules.49 This mechanism is thought to occur when ring opening cyclohexanecontaining species and can produce high cetane number compounds, although the dicarbene mechanism
is more prevalent.
Since bicyclic molecules are difficult to ring open and can be used as middle distillates, we chose
to study the ring opening of decalin. A decalin ring opening reaction network is presented in Scheme 1,
which shows some of the possible ring opening reactions along with product cetane numbers calculated
by Santana et al.11 The differences in product cetane number can be attributed not only to isomerization
reactions, which decrease cetane numbers, but also to selective ring opening, which can increase cetane
number. Scheme 1 shows that it is imperative to selectively produce paraffins or isoparaffins with as little
branching as possible because the product cetane number drops by 18-20 with a methyl branching
increase.68
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Scheme 1. Decalin reaction scheme with cetane numbers calculated by Santana et al.11
There have been some catalysts developed for decalin ring opening, and a majority of these
catalysts are based on zeolites. Because the Brønsted acidity associated with most zeolites can lead to
undesired reactions (see Scheme 1), often the zeolites are first ion-exchanged with a basic counter ion
(e.g., Cs, Na, etc.) to reduce the acidity. When comparing ion-exchanged zeolites, BEA (beta zeolite)
catalysts were better than those based on FAU (zeolite Y), as the former were more active at lower
temperature and gave higher yields to di-ring opened products (2ROPs).53,63 Santi et al., found on these
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high-performance ring opening catalysts (HIPEROCs) that increasing the amount of Ir in the catalyst above
3.4% had a negative effect on ring opened product yields.53 Mesoporous BEA zeolites have also been
developed, and Suárez et al., found that Ir ion-exchanged zeolites were able to produce ring opening yields
greater than 72%.54
The goal of this research is to design an efficient decalin ring opening catalyst that produces high
cetane number products with high turnover frequencies. This research analyzes decalin ring opening
products to understand the reaction mechanism and compares products formed on different catalysts.
This study also aims to find the optimum temperature to perform decalin ring opening reactions by
considering the product cetane numbers.
MATERIALS AND METHODS
CATALYTIC REACTION TESTING
Decalin ring opening reactions were carried out in a high-pressure, stainless steel trickle-bed
reactor. A schematic of the down-flow reactor can be found in Figure 25 and elsewhere.29 Before each
reaction, the catalyst was packed between plugs of inert SiO2 (Fisher, sea sand) and quartz wool to aid in
liquid distribution and reduce void volume in the reactor. Reactions were carried out using 0.15 g of
catalyst at 250 to 350°C, 1.7 MPa of H2, and a H2:decalin ratio of 30:1 (mol:mol). Weight hourly space
velocities (WHSV) were adjusted by changing the decalin flow rate for each experiment so that the
turnover frequencies (TOF) were obtained at conversions less than 15%. TOFs were calculated by dividing
the initial reaction rate by the site density, which was obtained by H2 chemisorption. The selectivity data
was collected at about 40% conversion to ensure that all products were formed, but the conversion was
not too high such that cracking products dominated. Liquid samples were collected from a collection
vessel, and vapors were vented from the system or diverted for analysis by an in-line residual gas analyzer
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(SRS, RGA 200). For all experiments, the reactor feedstock contained a mixture of cis- and trans-decalin
(Alfa Aesar, 98%, 38% cis-decalin) diluted in n-hexane (Alfa Aesar, 99%).

Hydrogen (H2)

M FC

Nitrogen (N2)

M FC

Air
HPLC Pump
Trickle-Bed
Reactor

Hydrocarbon
Feed
Vent
Analysis on Residual
Gas Analyzer (RGA)

Collection
Vessel

Analysis on Gas ChromatographMass Spectrometer (GCMS)

Sample

Figure 25. Schematic of reactor used for ring opening studies.
The decalin conversion (𝑋) and product selectivity (𝑆) ) were defined as:
𝑋=

𝑛̇ *+,,). − 𝑛̇ *+,,/01
𝑛̇ *+,,).

𝑆) =

𝑛̇ )
𝑛̇ 23/40516

(2)
(3)

where 𝑛̇ *+,,). is the molar flow rate of decalin flowing into the reactor, 𝑛̇ *+,,/01 is the molar flow rate of
decalin collected as products, 𝑛̇ ) is the molar flow rate of species 𝑖, and 𝑛̇ 23/40516 is the product molar
flow rate. Concentrations and molar flow rates were calculated by converting the GC-MS peak areas into
concentrations using a calibration curve and biphenyl as an internal standard.
The potential for internal and external mass transport limitations was evaluated by calculating
the Weisz-Prater number59 and Mears’ criterion,69 the results of which are presented in Appendix B.
Additionally, the Madon-Boudart test70 was applied to the Ir/SiO2 catalyst, results from which can also be
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found in Appendix B. Based on these calculations, we conclude that our kinetics data were collected in
the absence of any significant transport effects.
SAMPLE ANALYSIS
Decalin ring opening leads to a variety of reaction products, often exceeding 100 compounds.71
Analysis of these compounds was performed using a gas chromatograph-mass spectrometer (GC-MS,
Shimadzu GCMS-QP2010) equipped with an electron ionization source and a quadrupole mass analyzer.
A Restek Rxi-5ms column (60 m x 0.25 mmID x 0.50 µm) was used for product separation.
After liquid samples were collected from the reactor and injected into the GC-MS, the peaks were
identified by comparison of their respective mass fragmentation patterns to the NIST database of mass
spectra. Additionally, some compounds were verified from chromatograms displayed in other studies.72,73
Furthermore, some peaks were identified using retention indices,74 the mass spectra associated with
which were checked against the NIST database.
Selected ion monitoring (SIM) was used to differentiate between compounds belonging to
different chemical classes. Ions with masses (m/z) of 43, 55, 67, 69, 81, 138, 140, and 142 were
continuously monitored during experiments, and these ions were used to classify compounds. Decalin
reaction products were classified into the five different categories (see Scheme 1) shown in Table 4. A
comprehensive description of the product classification using SIM is described in the Supporting
Information, and Figure 27 shows a sample chromatograph with product analysis.
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Table 4. Decalin reaction products.
Product Category/Classification
C91ROP
2ROP
SkIP
DHP

Hydrocracked products
Mono-ring opened products
Di-ring opened products
Skeletal isomerization products
Dehydrogenated products

# of C
Atoms
<10
10
10
10
10

# of Cyclic
Rings
0 or 1
1
0
2 or 3
1 or 2

Molecular
Weight (g mol-1)
140
142
138
-

CALCULATION OF ESTIMATED CETANE NUMBER
Estimated cetane numbers were calculated for each catalyst in this study. While novel for decalin
ring opening, this process has been used previously, where there were many fewer products, specifically
for the ring opening of 1,2-dimethylcyclohexane and 1,3-dimethylcyclohexane.67 The analysis proved
useful for identifying that Ir/Al2O3 catalysts were superior to Ir/SiO2 and Ir/TiO2 for both reactants. To
quantify the cetane number of some decalin reaction products, Santana et. al., used an artificial neural
network to calculate cetane numbers and evaluate several reaction pathways.11 Additionally, cetane
numbers for relevant molecules have been tabulated in other studies for a wide variety of molecules.75,76
Combined, these cetane numbers were sufficient to create estimated cetane numbers for each of the
products.
Cetane number is a linear blend of the blend cetane numbers of the molecules present in diesel
fuel.76 However, blend cetane numbers are harder to estimate, as compared to the individual (pure
component) cetane number of a molecule. Therefore, we assumed that the estimated cetane number is
a linear combination of individual cetane numbers, as has been done before.67 Because blend cetane
numbers are higher than individual cetane numbers,76 our analysis likely slightly underestimates the
actual cetane number. Regardless, a comparison between catalysts is still possible because the error in
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each estimated cetane number should be similar. Additionally, the estimated cetane number only takes
into account the products, as the cetane numbers for cis- and trans-decalin are not included in this
analysis.
RESULTS AND DISCUSSION
PRODUCT SEPARATION USING GC-MS
As mentioned before, product separation and analysis were done using a Shimadzu GC-MS and a
nonpolar Restek Rxi-5ms column. Decalin reaction products were classified into five aforementioned
categories, which can be visualized in Figure 26.

Hydrocracked
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C9 + C1

Mono-Ring Opened
Products (1ROP)

R

Di-Ring Opened
Products (2ROP)

Skeletal Isomerization Products
(SkIP)

Dehydrogenated
Products (DHP)

R

R

AND / OR

R

R

C6 + C4

R

Figure 26. Decalin reaction product categories.
Selected ion monitoring (SIM) was used to monitor different masses during the GC-MS analysis.
Figure 27a shows the C10 region of the total ion chromatogram (TIC) for a decalin ring opening sample. By
analyzing the TIC (gray peaks in all chromatograms) and SIM, it was possible to easily differentiate decalin
product categories. Figure 27b shows red peaks, which have a m/z of 43 and correspond to a CH3CH2CH2+
fragment. These fragments are indicative of paraffins or isoparaffins,77 and using the fragmentation
patterns, the 2ROPs are identified on the chromatogram.
The 1ROPs can also be analyzed using a similar method. The blue chromatogram in Figure 27c
corresponds to a m/z of 140, which is the molecular ion (M+) of a 1ROP. While almost all 1ROP spectra
include this peak, there are several that do not, in particular 1-methyl-1-propylcyclohexane and 1,1-
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diethylcyclohexane. Those two geminal products fragment very easily, and thus there is no M+ peak
present even though they are classified as 1ROPs. The SkIP fraction could also be identified by a similar
method, as each green peak in Figure 27d is indicative that the m/z ion of 138 is present. This ion is also
the M+ peak for SkIPs, and it registers all SkIPs as well as cis- and trans-decalin because they also have a
molecular weight of 138 g mol-1.
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Figure 27. GC-MS chromatograms of (a) total ion chromatogram (TIC, gray) and (b-d) TIC in background
with colored SIM peak. (b) SIM chromatogram for m/z=43 displayed in red along with labeled 2ROPs. (c)
SIM chromatogram for m/z=140 displayed in blue with labeled 1ROPs. (d) SIM chromatogram for
m/z=138 displayed in green with labeled SkIPs. Conversion: 43%, Selectivities: C9- 26%, 1ROP 56%, 2ROP
16%, SkIP 5%. Notes: Me = methyl, Et = ethyl, Pro = propyl, IsoPro = isopropyl, DiMe = dimethyl, DiEt =
diethyl, C6 = cyclohexane, MePHI = methylperhydroindan, SkIP B = other Type B SkIP.

CATALYST PRODUCT SELECTIVITY
N2 physisorption and H2 chemisorption measurements of the six catalysts used in this experiment
are provided in Table 5. The metal dispersions (D) were also comparable for each of the ion-exchanged
catalysts, which was unsurprising because each material was exposed to the same ion-exchanging
process.
Table 5. Physisorption and chemisorption measurements of supported catalysts containing 3 wt% Ir.
Catalyst

Ref.a

SABET (m2 g-1)b

Vp (cm3 g-1)b

dp (Å)b

D (%)c

dm (nm)d

dm (nm)e

Ir/BEA
Ir/1xNaBEA
Ir/1xCsBEA
Ir/2xCsBEA
Ir/SiO2
Ir/Al2O3

A
B
C
D
F
J

578
201

0.83
0.44

50
83

141
91
109
118
15
42

0.8
1.2
1.0
0.9
7.3
2.6

6.7
-

a

Corresponds to the location of the catalyst in Appendix A. bCatalyst surface area (SABET), pore volume
(Vp), and average pore size (dp) determined by N2 physisorption. cDispersion (D) measured by H2
chemisorption. dMetal nanoparticle size (dm) estimated as dm=1.1/D and assuming hemispherical
nanoparticles.60 eMetal nanoparticle size estimated from XRD using Scherrer equation applied to the
reflection from the (1 0 1) plane at 2θ=34.4°.
Although the Ir/SiO2 catalyst has a larger overall surface area (Table 5), the metal nanoparticles

are much smaller on the Ir/Al2O3 catalyst. The metal nanoparticle size for the Ir/SiO2 catalyst was also
calculated using XRD with the Scherrer equation, and it verified the nanoparticle size measured by H2
chemisorption. On the other catalysts, the particle size was not determined via XRD because the
nanoparticle size was too small to distinguish a noticeable reflection. X-ray diffractograms of the catalysts
are displayed in Figure 23.
The GC-MS separation and classification method using SIM is described in detail beforehand, and
using that method, we were able to resolve the decalin reaction products into the five categories shown
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in Table 4. In the presence of every catalyst in this study, the feedstock containing 38% cis-decalin was
isomerized to 8-10% cis-decalin regardless of the reaction conditions or conversion. This phenomenon has
also been observed in other studies working with decalin.53,55,63,73,78 The turnover frequencies (TOF) and
product selectivities of the six catalysts are shown in Table 6.
Table 6. Decalin TOF and product selectivity of the catalysts. Reaction conditions: 275°C, 1.7 MPa, 0.15 g
catalyst, WHSV varied to maintain <15% conversion for TOF and about 40% conversion for product
selectivity. Note: n.d. = not detected.

Catalyst

TOF (ks-1)

Ir/BEA

Selectivity (%)
C9-

1ROP

2ROP

SkIP

DHP

3.3

33

5

n.d.

51

11

Ir/1xNaBEA

0.47

20

44

9

26

n.d.

Ir/1xCsBEA

0.65

16

31

51

2

n.d.

Ir/2xCsBEA

0.15

32

37

31

<0.5

n.d.

Ir/SiO2

5.7

26

46

28

n.d.

n.d.

Ir/Al2O3

1.6

38

51

11

n.d.

n.d.

Table 6 shows that the catalysts display a wide variety of activity and selectivity despite all
possessing the same Ir content. The Ir/BEA catalyst, which has a high TOF, has very low selectivity to the
desired 1ROPs and 2ROPs. Instead, this bifunctional catalyst formed hydrocracked products (mainly
products of the paring reaction: methylcyclopentane and isobutane),73,79 in addition to SkIPs and DHPs.
Performing an ion-exchange with NaNO3 then adding Ir significantly decreased the TOF while improving
the selectivity. The Ir/1xNaBEA catalyst forms mainly 1ROPs, but also a large quantity of C9- and SkIPs as
well.
Exchanging Cs onto BEA led to an improvement in selectivity compared to Na. Although the TOF
was similar, there was a noticable increase in the amount of 1ROPs and 2ROPs observed. The Ir/1xCsBEA
catalyst displayed the highest 2ROP and combined ring opening product selectivities (1ROP + 2ROP, 82%)
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of the catalysts tested, and this is why other studies have reported this catalyst as optimal for decalin ring
opening. If a second Cs exchange occurred before adding Ir to the surface (Ir/2xCsBEA), there was a
notable decrease in the TOF and more C9- were formed at the expense of ring opened products.
Neither of the two catalysts prepared by incipient wetness impregnation performed any skeletal
isomerization because the supports lack Brønsted acid sites. The Ir/Al2O3 catalyst produced a large
quantity of C9-, while forming a limited amount of 2ROPs. This was in contrast to Ir/SiO2, which did less
cracking and had a higher combined ring opened product selectivity of 74%. Additionally, Ir/SiO2 had the
highest TOF of any catalyst studied. In order to understand the reactions that occurred on each of the
catalysts, we chose four representative catalysts (Ir/1xNaBEA, Ir/1xCsBEA, Ir/2xCsBEA, and Ir/SiO2) and
analyzed the 1ROP, 2ROP, and SkIP fractions to determine the individual compounds. The 1ROP fraction
was separated into five different categories and the results are displayed in Figure 28.
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Figure 28. Selectivity of catalysts to specific mono-ring opened products (1ROPs). Note: BuC6 = nbutylcyclohexane; MeProC6 = 1-methyl-2-propylcyclohexane (both cis+trans); DiEtC6 = 1,2diethylcyclohexane (both cis+trans); Geminal 1ROP = 1-methyl-1-propylcyclohexane and 1,1diethylcyclohexane; Other 1ROP = other compounds, largely ethyldimethylcyclohexanes. Reaction
conditions: 275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain about 40% conversion.
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Scheme 2. Formation of direct and isomerized ring opened products from decalin.
The left three products in Figure 28 are DROPs (displayed in the top row of Scheme 2), which are
formed from direct C-C cleavage of an endocyclic decalin bond. Meanwhile, the rightmost two products
in Figure 28 are IsROPs and are formed via an isomerization reaction followed by a ring opening reaction
(as the lower right compounds in Scheme 2 show). Geminal products (monocyclic naphthenes
disubstituted at the same carbon) are formed from ring opening the five-membered ring in spirodecane
(spiro[4.5]decane). The final category encompasses all other monocyclic compounds that do not fit into
the other categories, largely dominated by ethyldimethylcyclohexane isomers. These products almost
always contained six-membered rings and very rarely contained 5-membered rings, owing to the relative
ease of ring opening cyclopentanes.36,56,80
The Ir/1xNaBEA catalyst produced mostly other 1ROPs, which was due to successive isomerization
and ring opening steps. Because the selectivity to SkIP in Table 6 was high (26%), it was not surprising that
IsROPs comprised the majority of 1ROPs observed. With Cs as the alkali cation, the percentage of IsROPs
decreased compared to Na and there was a shift from other 1ROPs to geminal products. Santi et al., used
a similar Cs-exchanged BEA catalyst for decalin ring opening, but they observed that the majority of 1ROPs
were geminal products.53 However, in this study, we observed a broad distribution of 1ROPs.
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Performing a second Cs ion-exchange had a large effect on 1ROP selectivity. While a majority
(54%) of 1ROPs were classified as IsROPs for Ir/1xCBEAs, the Ir/2xCsBEA catalyst led to 6% selectivity to
IsROPs. And no IsROPs were formed by the monofunctional Ir/SiO2 catalyst. This product distribution is
understandable for Ir/SiO2 because the only possible reactions on that catalyst are the hydrogenolysis of
decalin, which forms the three DROPs. And of those products, 1-methyl-2-propylcyclohexane (MeProC6)
and 1,2-diethylcyclohexane (DiEtC6) are formed in a ratio near unity while n-butylcyclohexane (BuC6) is
formed at a much smaller percentage. This ring opening ratio is expected because Ir catalysts typically
open cyclic molecules via the dicarbene mechanism,36,66,67 and the endocyclic cleavage of the bond
adjacent to the fused bond is sterically difficult to access.36,49 Therefore, a low selectivity of BuC6 can be
expected.
Figure 28 shows that although the DROP ratios remained fairly consistent, there was some
variability, which is likely due to competing parallel reactions. While decalin hydrogenolysis to DROPs was
commonplace, there were reactions that consumed the 1ROPs. The DROPs could be isomerized to IsROPs,
further ring opened to 2ROPs, and also hydrocracked to C9-. To illustrate the types of 2ROPs formed, the
degree of branching achieved by the same four catalysts is shown in Figure 29.
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Figure 29. Selectivity of catalysts to di-ring opened products (2ROPs) of differing degrees of branching.
Refer to Error! Reference source not found. for example compounds with various degrees of branching.
Reaction conditions: 275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain about 40% conversion.
Figure 29 presents 2ROP selectivity as a function of catalyst identity. The Ir/1xNaBEA catalyst,
which led to the highest isomerization selectivity also produced the most highly branched acyclic
compounds. This result is unsurprising given that the catalyst was highly selective to IsROPs (see Figure
28), in particular ethyldimethylcyclohexanes. When ring opened, these compounds produce isoparaffins
with either 2 or 3 degrees of branching, but more of the latter. The Ir/1xCsBEA catalyst also produced
highly branched isoparaffins, but there were more di-substituted isoparaffins compared to the trisubstituted isoparaffins.
The twice Cs-exchanged catalyst led to nearly quantitative selectivity to products with lower
degrees of branching (0, 1, and 2). It produced significantly less tri-branched isoparaffins, and there was
an increase in the amount of n-decane (degree of branching of 0). The Ir/SiO2 catalyst also had a very
similar selectivity, but there were no tri-branched isoparaffins observed, which is likely due to the fact
that there was no isomerization caused by this catalyst (as evidenced by the absence of IsROPs).
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Over an Ir/SiO2 catalyst at 275°C and 40% conversion, the most common 2ROPs were (in order of
abundance): 4-ethyl-3-methylheptane, 3,4-diethylhexane, n-decane, 4-ethyloctane, 4-isopropylheptane,
4,5-dimethyloctane (both diastereomers), and 5-methylnonane. These are similar to the reported product
distribution over an Ir/SiO2 catalyst in another study,55 though we were able to identity all of the 2ROPs
in this study.
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Figure 30. Selectivity of catalysts to various skeletal isomerization products (SkIPs). Note: Spirodecane =
spiro[4.5]decane; Other SkIP A = other Type A isomerization products; MePHI = methylperhydroindan
(methylbicyclo[4.3.0]nonane); Other SkIP B = other Type B isomerization products. Reaction conditions:
275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain about 40% conversion.
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Scheme 3. Formation of SkIPs via Type A or B isomerizations.
Figure 30 presents the SkIP selectivity of the catalysts and the two generally-accepted
isomerization types. Type A (or non-branching) isomerizations occur via carbocation formation on a
secondary or tertiary carbon.73,79 On the other hand, Type B (branching) isomerizations proceeed through
non-classical protonated cyclopropanes.73 Type A isomerizations are much faster than Type B
isomerizations, and both require Brønsted acid sites to proceed (or a metal active for isomerization, which
Ir is not).73 This is evidenced by Haas et al., who found that no SkIPs were formed using an Ir/SiO2 catalyst,55
which agrees with our Ir/SiO2 catalyst results in this study.
The Ir/1xNaBEA catalyst produced appreciable quanitites of the four SkIPs, though Type B SkIPs
(MePHI and SkIP B) were more prevalent at 65%. This is in contrast to Ir/1xCsBEA, which produced much
more Type A (89%) and Ir/2xCsBEA, which exclusively formed Type A SkIPs. This observation was expected
because Type A isomerizations are faster, and when there are a limited number of Brønsted acid sites on
the catalyst (due to the ion exchanges), Type A isomerizations will dominate.56,73 And of these Type A
reactions, the isomerization of decalin to spirodecane is the most common reaction, owing to the stability
of the tertiary carbocation intermediate and the limited number of Brønsted sites available to perform
this reaction. This result has also been reported in other research.53,63,73 Figure S4d in the Supporting
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Information shows a sample with a SkIP distribution similar to Ir/1xCsBEA, with spirodecane as the SkIP
with the highest selectivity.
As the results in Figure 30 show, the most prevalent Type A product is spirodecane. Three other
Type A SkIPs that were detected on most catalysts were bicyclopentyl (which is formed from via a Type A
isomerization from spirodecane), and both cis/trans-bicyclo[5.3.0]decane. Of the Type B isomerization
products, most were MePHI (we identified more than 8 isomers) or dimethylbicyclo[3.3.0]octanes, with a
very small percentage (i.e., <2%) of SkIPs being bridged dimethylbicyclo[3.2.1]octanes or
dimethylbicyclo[2.2.2]octanes. This is similar to what was found in another study,81 which was that MePHI
was the first isomerized product on bifunctional catalysts, and the SkIP B products observed were
isomerized versions of MePHI. Scheme 3 shows the formation of some SkIPs via Type A and B
isomerizations.
EFFECT OF CATALYST ON PRODUCT CETANE NUMBER
While most studies evaluate the best decalin ring opening catalyst by monitoring the selectivity
of both 1ROPs and 2ROPs, we also compared the catalysts based on the estimated product cetane number
as well as the TOF. We calculated estimated cetane numbers for the products from each of the catalysts
at about 40% conversion using a linear combination of individual cetane numbers. The resulting cetane
numbers were compared to the mixture of cis/trans-decalin, which reached steady-state around 10% cisdecalin, which corresponds to a cetane number of 33.
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Figure 31. Turnover frequency (TOF) and estimated cetane number of Ir catalysts. Reaction conditions:
275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain <15% conversion for TOF and about 40%
conversion for product selectivity.
Figure 31 shows the TOF and estimated cetane numbers for each of the six catalysts. Using this
analysis, it is straightforward to determine that the optimal ring opening catalyst tested in this study is
Ir/SiO2. Not only does it have the highest estimated cetane number, but it also has the highest TOF. The
next best catalyst was Ir/Al2O3, followed by Ir/1xCsBEA. Comparing catalysts using a method like the one
presented in Figure 31 is advantageous because the analysis used in most other studies would have
pointed to a different optimal catalyst. The results from Table 6 showed that the Ir/1xCsBEA catalyst led
to the highest selectivity towards ring opened products (82%), but when considering the cetane numbers
of the products and especially the TOF, this catalyst is not optimal.
Although Ir/1xCsBEA had the highest selectivity to the desired ring opened products, Figure 28
Figure 30 showed that those products were highly branched and thus had lower cetane numbers. This
was in contrast to Ir/SiO2, which forms DROPs and 2ROPs with low degrees of branching, which had higher
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cetane numbers. Ir/SiO2 also has no selectivity to SkIPs, and despite the fact that this makes up a very
small percentage of the products, it nonetheless decreases the estimated cetane number for Ir/1xCsBEA.
The bifunctional Ir/BEA catalyst was highly active, but it was not an appropriate catalyst due to its
high selectivity to SkIPs and DHPs. Performing one Na ion-exchange reduced the number of Brønsted acid
sites on the catalyst, but there was still excessive isomerization. Figure 31 conclusively shows that Cs is
better than Na to ion-exchange onto a catalyst if high cetane number products are desired. Santi et al.,
also showed that Cs-exchanged BEA zeolites had higher yields of ring opened products than Na-exchanged
ones.53 Performing the second Cs ion-exchange increased the product cetane number (36 vs. 33), but it
reduces the TOF four-fold. Given the results in Figure 31, the Ir/SiO2 catalyst was optimal for decalin ring
opening.
The Ir/SiO2 catalyst is selective to high cetane number products because it lacks the Brønsted acid
sites required for isomerizations, so the products have no opportunities to produce highly branched
species (1ROPs or 2ROPs). However, finding a reason for its high activity is hard to pinpoint, but one
possible reason is due to the stability of chemisorbed hydrogen atoms (H*). Studies have shown that on
small Ir clusters, H* binds more strongly to the metal sites due to the increased presence of edge and
corner atoms and inhibit saturated hydrocarbon adsorption.82,83 Additionally, at those undercoordinated
surfaces, the stability of the carbon-metal bonds in the hydrogenolysis transition state is increased.82 Both
of these factors contribute to enhanced TOF that are observed on large Ir clusters. And in this research,
the Ir/SiO2 catalyst had the highest TOF and the largest particle size, which could explain why the catalyst
is so active for decalin hydrogenolysis.
From a fundamental perspective, the ideal catalyst would be the one that had the highest TOF,
but from an application perspective, the catalysts would be judged differently. Instead of thinking about
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catalysts from a TOF perspective (which is useful for a per-site analysis), in practicality, catalysts would be
judged based on their reaction rate, which is measured on a per-mass of catalyst basis. Because of this,
the catalysts would be judged equally, as the amount of catalyst is the way that catalysts are measured
inside an industrial reactor, not the total number of active sites.
Even though we mentioned beforehand that the catalysts were prepared with Ir metal, we
wanted to verify that Ir catalysts were ideal. So, we prepared IWI catalysts with 3 wt% metal of some of
the most common metals used in hydrogenolysis. The catalysts were intentionally prepared on silica (SiO2)
supports in order to be able to identify simply the hydrogenolytic ability of each metal without assistance
from the support (since SiO2 lacks Brønsted acid sites). We compared the effect of initial reaction rate and
estimated product cetane number of the supported metal catalysts, and the results are displayed in Figure
32. For comparison purposes, the dashed line at 33 represents the cetane number of the mixture of cisand trans-decalin after the reaction.
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Figure 32. Initial reaction rate and estimated cetane number of supported metal catalysts. Reaction
conditions: 3 wt% metal, 275°C, 1.7 MPa, 0.15 g catalyst, varied WHSV to obtain conversion <15% for
initial rates and ~40% for selectivity data. *Reaction rate measured at 325°C. ‡Estimated cetane number
measured at low (~10% conversion) due to very low reaction rate
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The results presented in Figure 32 (and are also displayed in Table 7) show that Ir is clearly superior
to the other metals tested. Not only did the catalyst produce products with a high reaction rate (481 µmol
g-1 h-1), but it was also selective to high cetane number products, as explained in Figure 28 Figure 30. The
catalyst with the next highest reaction rate belonged to Ru/SiO2, but that was more than an order of
magnitude lower. The Ru catalyst was very selective to C9- (71%), as it tended to produce 1ROP then
immediately hydrocrack them. This led to a lower product cetane number of 35, despite the absence of
SkIPs and DHPs.
Table 7. Decalin product selectivities for various supported metal catalysts. Reaction conditions: 3 wt%
metal, 275°C, 1.7 MPa, 0.15 g catalyst, varied WHSV to obtain conversion <15% for initial rates and ~40%
for selectivity data. *Reaction rate measured at 325°C. ‡Estimated cetane number measured at low
(~10% conversion) due to very low reaction rate.

Catalyst

Ref.a

Initial Rate
(µmol g-1 h-1)

Selectivity (%)
C9-

1ROP

2ROP

SkIP

DHP

Ir/SiO2

F

481

26

46

28

n.d.

n.d.

‡

H

27

72

19

9

n.d.

n.d.

*‡

G

14

11

48

9

33

n.d.

I

5

2

73

12

12

n.d.

Ru/SiO2
Pt/SiO2

Rh/SiO2‡

a

Corresponds to the location of the catalyst synthesis in Appendix A.

The Pt/SiO2 catalyst led to a very low reaction rate even despite testing it at elevated
temperatures (325°C instead of 275°C for the other catalysts). This was anticipated, as other studies have
shown that Pt catalysts were not very efficient for the hydrogenolysis of 6-membered rings.36,55,84 Instead,
Pt catalysts are synthesized with acidic supports with the goal of the Brønsted acid sites performing ring
contraction reactions and then the Pt metal ring opening the 5-membered rings.36 Despite the low
reaction rate and a high SkIP selectivity (33%), the Pt catalyst was able to produce an estimated cetane
number of 38, which it owes to its specific ring opening mechanism, which produces lightly branched
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naphthenes and isoparaffins.11,49,67 The Rh/SiO2 catalyst led to an equally low reaction rate, but it
produced a cetane number of 43, which it owed to the interestingly high selectivity towards n-BuC6 and
n-decane. Given this analysis, we can conclusively say that Ir is the optimal metal to use for these ring
opening reactions (being cognizant of Figure 16).
Using the six supported Ir catalysts described earlier in Table 6, we also calculated reaction rates
for those catalysts as well. The results, presented in Figure 33, are contrasted with the results in Figure
31, which shows the TOF instead. For practicality purposes, the results in Figure 33 are more appropriate,
and they show a much closer result between the best catalysts and the other ones. This time, the IWI
catalysts have reaction rates to the IXC catalysts much closer than the TOF values were. This analysis still
shows that the Ir/SiO2 catalyst is optimal for these reactions, as it has the highest cetane number of the
catalysts tested and simultaneously has a high reaction rate.
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Figure 33. Initial reaction rate and estimated cetane number of Ir catalysts. Reaction conditions: 275°C,
1.7 MPa, 0.15 g catalyst, WHSV varied to maintain <15% conversion for reaction rate and about 40%
conversion for product selectivity.
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We performed these ring opening reactions for more than the handful of catalysts presented in
Figure 33. Some of the other catalysts that we analyzed can be found in Figure 34, and the more congested
plot shows that despite the variety of supports and metals tested (and other catalysts not shown), the
Ir/SiO2 catalyst still reigns supreme. And although it appears that there might be some correlation
between initial rate and estimated cetane number, no correlation exists. We could produce catalysts that
had low reaction rates and low product cetane numbers. However, these graphs are meant for an easy
visual comparison between the different catalysts and the results that show.
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Figure 34. Initial reaction rate and estimated cetane number of some synthesized catalysts. Reaction
conditions: 275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain <15% conversion for reaction rate
and about 40% conversion for Ir catalyst product selectivity.
EFFECT OF TEMPERATURE ON SELECTVITY AND CETANE NUMBER
To determine the best temperatures to perform decalin ring opening reactions, we tested the
Ir/SiO2 catalyst at temperatures between 250 and 350°C, and the product selectivities are displayed in
Figure 35.
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Figure 35. Decalin ring opening product selectivity using the Ir/SiO2 catalyst at different reaction
temperatures at reaction conditions: 1.7 MPa, 0.15 g Ir/SiO2 catalyst, WHSV varied to maintain about
40% conversion.
Figure 35 shows that the selectivity to 1ROPs decreased as the temperature was increased. The
selectivity to 2ROPs proceeded through a maximum around 275°C and decreased to less than 5% at
temperatures above 300°C. The C9- selectivity also passed through a maximum, but it was always formed
in appreciable amounts (i.e., selectivity >25%). As noted before, there was minimal selectivity to SkIPs at
all temperatures, but at temperatures above 300°C, there was a substantial increase in the amount of
DHPs. At higher temperatures, the hydrogenation/dehydrogenation equilibrium shifts such that decalin is
converted to tetralin and naphthalene.45,85,86
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Figure 36. Selectivity of Ir/SiO2 to (a) mono-ring opened products (1ROP) and (b) di-ring opened
products (2ROP) at various temperatures using reaction conditions: 1.7 MPa, 0.15 g Ir/SiO2 catalyst,
WHSV varied to maintain about 40% conversion. Decalin selectivity to 1ROP and 2ROP, respectively, is
displayed in asterisks.
While the overall ring opened-product selectivity (from Figure 35) is temperature-dependent, the
distribution of 1ROPs and 2ROPs did not necessarily change. Figure 36a shows the selectivity to 1ROPs; at
lower temperatures, MeProC6 and DiEtC6 were formed at parity, but above 300°C, there was more
MeProC6 produced at the expense of DiEtC6 and BuC6. This could be due to a decrease in selectivity
towards those products or it could be because of preferential hydrocracking or dehydrogenation of those
products to form their aromatic counterparts.
Figure 36b shows the selectivity to 2ROPs changed little throughout the temperature range.
Although the overall selectivity toward 2ROPs passed through a maximum, the di-ring opening products
had minimal changes to their selectivity. Di-branched (degree of branching of 2) products comprised the
majority of products (65-75%), followed by mono-branched products, which were slightly more common
than the linear paraffin n-decane. And because there was minimal isomerization using this catalyst (even
at high temperatures), it is not surprising that there were very few tri-branched products observed.
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Figure 37. Estimated cetane number of decalin ring opening products using Ir/SiO2 with reaction
conditions: 1.7 MPa, 0.15 g Ir/SiO2 catalyst, WHSV varied to maintain about 40% conversion.
Using the product distribution, the estimated cetane number was calculated at each reaction
temperature. Between 250 and 300°C, the cetane number was stable due to the near-complete (i.e.,
>99%) selectivity to 1ROPs, 2ROPs, and C9- (see Figure 35). But at temperatures above 300°C, the cetane
number decreases significantly, due to the presence of DHPs (as Figure 37 shows). Because the cetane
numbers of tetralin and naphthalene are 15 and 5, respectively,75 those species reduce the product cetane
number. Moreover, the selectivity towards 1ROPs and 2ROPs, which generally have the highest cetane
numbers, tends to be low at these temperatures.
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CHAPTER 4
UNDERSTANDING ALKYLNAPHTHENE RING OPENING MECHANISMS USING IR AND PT CATALYSTS
INTRODUCTION
Paired hydrogenation and ring opening reactions are appealing for the production of liquid
transportation fuels (i.e., diesel, jet fuel) from biomass-derived feedstocks11,14,16,64 or petroleum fractions
such as light cycle oil (LCO).32,65,87,88 In a recent work, we synthesized several supported Ni hydrogenation
catalysts that were capable of complete saturation of diaromatic compounds.29 We also designed Ir
catalysts for the production of high cetane blendstocks from decalin, a bicyclic compound.89 Together,
hydrogenation and ring opening (endocyclic hydrogenolysis) are important for enhancing fuel combustion
characteristics, in particular cetane number.5,11,36,46
The three main classes of ring opening catalysts are: monofunctional acidic catalysts, bifunctional
catalysts with metallic and acidic sites, and metallic catalysts supported on neutral oxides.36,56 Acidic
catalysts, typically proton-form zeolites (e.g., H-BEA, H-FAU, etc.), can ring open cyclic molecules, but they
have limited selectivities towards desired ring opening products (often <20%).50,51 Bifunctional catalysts
perform unwanted side reactions (i.e., cracking, isomerization and dehydrogenation), but they produce
higher quantities of ring opening products than acidic catalysts.52,61,73,89 Lastly, monofunctional metallic
catalysts have high selectivities towards desired ring opening products, but limited activity because the
support is unable to perform ring contraction reactions (which would make ring opening easier).55,78
Ring opening catalysts with a metal functionality are typically synthesized with Ir or Pt. Of these
two, many studies have shown that Ir is more active and selective to ring opening than Pt for cyclohexane
species.36,53,55,63,65 However, the ring opening products from Pt catalysts have enhanced cetane numbers
because of the different hydrogenolysis mechanisms.11,63 Ir catalysts (along with Rh, Ru, Ni, and Pd)
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perform hydrogenolysis by cleaving unsubstituted C-C bonds via the dicarbene mechanism.36,66,67 These
ring opened products are often branched and have lower cetane numbers relative to products of the
multiplet (i.e., p-adsorbed olefin) mechanism.11,67 The multiplet mechanism is observed on highly
dispersed (i.e., metal nanoparticle size <5 nm) Pt catalysts and cleaves C-C bonds with equal probability,
regardless of the number of alkyl branches present.49 While these are the two major mechanisms, Gault
proposed a metallocyclobutane mechanism for Ir that allows for endocyclic C-C bond cleavage of
substituted molecules.49 This mechanism is thought to occur for ring opening cyclic species and can
produce high cetane number compounds compared to the branched dicarbene products. Figure 38 shows
a brief explanation of the three different ring opening mechanisms and their anticipated product
distributions via the different mechanisms.

Dicarbene

Multiplet

• Observed on Ni, Ru, Rh, Ir
• Cleaves unsubstituted C-C bonds
• s adsorption

• Observed on Pt
• Cleaves all bonds equally
• p adsorption
α

α
β
γ

33%

• Observed on all metals
• Only cleaves at substituent
• s adsorption
α

40%
β

67%

Metallocyclobutane

γ

β

40%
20%

100%

γ

Figure 38. Visual representation of the three main ring opening mechanisms for the ring opening of
methylcyclopentane.
Density functional calculations for ring opening of cyclic species have been performed on 5membered ring (5MR) species like methylcyclopentane.90,91 However, these species are much easier to
ring open than 6-membered ring (6MR) compounds, like methylcyclohexane.36,92 And while 5MR species
follow the aforementioned dicarbene and multiplet mechanisms almost perfectly, there is more
divergence observed for 6MR species.36,40,41 Additionally, the 6MR compounds also have higher
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selectivities to cracking and other isomerization reactions due to a higher ring opening activation barrier
than 5MR species.36,44,93
The goal of this research is to evaluate the ring opening mechanisms of mono- and tri-branched
6MR alkylnaphthenes using three catalysts (Ir/SiO2, Ir/CsBEA, and Pt/SiO2). This research quantifies ring
opening product selectivities and turnover frequencies to determine the effect that substitution has on
the reaction pathway and catalyst activity. This project is valuable in identifying catalysts that can produce
high cetane number compounds by minimizing acyclic product branching.
MATERIALS AND METHODS
CATALYTIC REACTION TESTING
Ring opening reactions were carried out in a high-pressure, stainless-steel trickle-bed reactor. A
schematic of the down-flow reactor can be found in Figure 25. Before each reaction, the catalyst was
packed between plugs of quartz wool to aid in liquid distribution and reduce void volume in the reactor.
Reactions were carried out at 250°C for Ir catalysts, 325°C for Pt/SiO2, 1.7 MPa of H2, and a H2:hydrocarbon
ratio of 30:1 (mol:mol). The weight hourly space velocity (WHSV) was varied by changing the feedstock
flow rate and was adjusted to keep conversion below 10%.
The six alkylnaphthenes studied in this experiment were: methylcyclohexane (MeC6) (Sigma
Aldrich, anhydrous, 99%), n-butylcyclohexane (n-BuC6) (Alfa Aesar, 99%), isopropylcyclohexane
(IsoProC6) (TCI America, 99%), tert-butylcyclohexane (tert-BuC6) (TCI America, 99%), 1,2,4trimethylcyclohexane (124TriMeC6) (TCI America, 96%), and 1,2,3-trimethylcyclohexane (123TriMeC6)
(TCI America, 95%). The alkylnaphthenes, shown in Figure 39, were diluted in n-hexane (Alfa Aesar, 99%),
and a previous study verified that the presence of n-hexane neither impacted the conversion nor the
selectivity of MeC6 ring opening.94
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methylcyclohexane
(MeC6)

n-butylcyclohexane
(nBuC6)

isopropylcyclohexane
(IsoProC6)

1,2,4-trimethylcyclohexane
(124TriMeC6)

tert-butylcyclohexane
(tertBuC6)

1,2,3-trimethylcyclohexane
(123TriMeC6)

Figure 39. Alkylnaphthene model compounds studied.
Liquid samples were collected and analyzed on a gas chromatograph-mass spectrometer (GC-MS,
Shimadzu GCMS-QP2010) using a Restek Rxi-5ms column (60 m x 0.25 mmID x 0.50 µm). Peaks were
identified by comparison with the NIST database of mass spectra and retention indices. The conversion
(𝑋) and product selectivity (𝑆) ) were defined as:
𝑋=

𝑆) =

𝑛̇ 23/40516
𝑛̇ &,,).
𝑛̇ )
𝑛̇ 23/40516

(4)

(5)

where 𝑛̇ &,,). is the molar flow rate of the hydrocarbon flowing into the reactor, 𝑛̇ 23/40516 is the product
molar flow rate, and 𝑛̇ ) is the molar flow rate of species 𝑖. Concentrations and molar flow rates were
calculated by converting the GC-MS peak areas into concentrations using a calibration curve and biphenyl
as an internal standard. Error bars represent 95% confidence intervals.
SAMPLE ANALYSIS
Liquid samples were collected and analyzed on a gas chromatograph-mass spectrometer (GC-MS,
Shimadzu GCMS-QP2010) using a Restek Rxi-5ms column (60 m x 0.25 mmID x 0.50 µm). Peaks were
identified by comparison with the NIST database of mass spectra and retention indices. In general, the
reaction products were grouped into the four categories shown in Table 8.
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Table 8. Alkylnaphthene reaction products. Note: CHC = carbon atoms in reactant alkylnaphthene.
Product Category/Classification
ROP
CP
ISO
DHP

Ring opened products
Cracked products
Isomerized products
Dehydrogenated products

# of C
Atoms
CHC
< CHC
CHC
CHC

# of Cyclic
Rings
0
0 or 1
1
1

During the reactions, the conversion was kept in the differential regime (i.e., less than 10%) to
ensure that there was minimal cracking to CP that would alter the ROP selectivities. On both Ir catalysts,
the main products were ROPs, while the Pt/SiO2 catalyst led to high selectivity to both ROP and ISO,
though the former were more prevalent. The isomerization activity of Pt while trying to ring open has
been well-documented,52,55,63,73 and we assumed that the isomerization had little effect on the ROP
selectivity. There were no DHPs observed for any of the model compounds on any of the catalysts as well.
Figure 40 shows sample chromatographs for the ring opening of IsoProC6 on each of the catalysts, which
shows that the products were limited mostly to ROPs.
Chromatograms for the ring opening of IsoProC6 over the three catalysts are displayed in Figure
40 with the major peaks labeled. On the Ir catalysts, there is no selectivity to ISO, but there are a couple
of CP peaks present. The peak at 29.7 minutes corresponds to ethylcyclohexane, which is formed from
the exocyclic hydrogenolysis of one methyl group in IsoProC6. The other peaks between 14 and 21
minutes correspond to 2,3-dimethylhexane, 3-ethyl-2-methylpentane, and n-octane, which are all acyclic
CPs. In addition to those peaks, the Pt/SiO2 catalyst has ISO peaks, the largest of which is for
isobutylcyclopentane, which elutes at 47.8 minutes and is formed by a Type A isomerization of
IsoProC6.73,79 Most of the other ISO peaks are for ethylmethylcyclohexane isomers, which are formed by
skeletal rearrangements of the isopropyl substituent into two separate branches.
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a

b

c

Figure 40. GC-MS chromatograms for ring opening of isopropylcyclohexane (IsoProC6) using a) Ir/SiO2, b)
Ir/CsBEA, and c) Pt/SiO2. Chemical structures are shown adjacent to their peak in the chromatogram.
Note: CP = cracked products, ISO = isomerized products, biphenyl used as an internal standard.
Internal and external mass transport limitations calculations, which were determined by the
Weisz-Prater number59 and Mears’ criterion,69 are displayed in Appendix B. Additionally, the MadonBoudart test70 was applied to the Ir/SiO2 catalyst, which can also be found in Figure 64 in Appendix B.
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RESULTS AND DISCUSSION
N2 physisorption and H2 chemisorption measurements of the catalysts are provided in Table 9.
The two IWI catalysts have similar surface areas, pore volumes, and pore diameters owing to the same
support material. The chemisorption results were diverse, and the nanoparticle size varied significantly
between catalysts. The IWI Ir/SiO2 catalyst had the largest size nanoparticles (about 7 nm), but the IXC
Ir/CsBEA catalyst had a much smaller particle size (about 1 nm and in line with other studies).53,54 The
Pt/SiO2 catalyst had about 3 nm metal nanoparticles, which was below the 5 nm level, indicating that the
multiplet mechanism of endocyclic hydrogenolysis should be active for this catalyst.49,67
Table 9. Physisorption and chemisorption measurements of the Ir and Pt catalysts.
Catalyst

SABET (m2 g-1)a

Vp (cm3 g-1)a

dp (Å)a

D (%)b

dm (nm)c

dm (nm)d

Ir/SiO2
Ir/CsBEA
Pt/SiO2

578
582

0.83
0.83

50
50

15
118
37

7.3
0.9
2.9

6.7
-

a

Catalyst surface area (SABET), pore volume (Vp), and average pore size (dp) determined by N2
physisorption. bDispersion (D) measured by H2 chemisorption. cMetal nanoparticle size (dm) estimated as
dm=1.1/D and assuming hemispherical nanoparticles.60 dMetal nanoparticle size estimated from XRD
using Scherrer equation applied to the reflection from the IrO2 (1 0 1) plane at 2θ=34.4º.
The metal nanoparticle size for the Ir/SiO2 catalyst was also determined by XRD with the Scherrer
equation, and it verified the nanoparticle size measured by H2 chemisorption. Particle size measurements
for Ir/CsBEA and Pt/SiO2 were not determined by XRD because the nanoparticle sizes were too small to
distinguish a noticeable reflection. X-ray diffractograms of the catalysts are displayed in Figure 24.
RING OPENING OF MONO-BRANCHED ALKYLNAPHTHENES
Using the three catalysts outlined in Table 9, ring opening of the four mono-branched
alkylnaphthenes (see Figure 39) was studied. Scheme 4 shows a visual representation of the bonds that
need to be cleaved in order to produce ring-opened products a, b, and g as well as the different alkyl
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branches for each model compound. The ring opening product selectivity of the monofunctional Ir/SiO2
catalyst is shown in Figure 41.
R
α

β

α

R

β

γ

R

γ
R
Where R is:
CH3

Scheme 4. Illustration of how products A, B, and C are formed by ring opening an alkylnaphthene with
different -R groups. The color of the -R group corresponds with the color of the bar graphs in Figure 41
Figure 43.
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Figure 41. Ring opening product selectivity of Ir/SiO2 catalyst. Reaction conditions: 250°C, 1.7 MPa, 0.15
g catalyst, H2:hydrocarbon ratio of 30:1, WHSV varied to obtain conversion <10%.
Figure 41 shows the Ir/SiO2 product selectivity of alkylnaphthenes with varying degrees of
branching. The primary carbon species, MeC6, demonstrates high selectivity towards cleaving bonds b
and g, but more for the latter. Because Ir follows the dicarbene mechanism, the anticipated product
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distribution would be 0%, 50%, and 50% for positions a, b, and g respectively. But the results show that
bond g is more favored because it is further from the alkyl substituent, a trend that has been observed for
Ir catalysts in other studies.36,95 Both of those studies also observed that there was a small, but significant,
selectivity towards breaking bond a to form linear n-heptane. This molecule is not possible via the
dicarbene mechanism, but it has been attributed to the metallocyclobutane mechanism, as Gault first
proposed.49
The alkylnaphthene with a secondary degree of branching, n-BuC6, shows identical selectivities
to MeC6, indicating that the addition of a second degree of branching in the alkyl side chain makes little
difference in the steric bulkiness. Our results are also in line with Blanco, et al., who determined that the
ROP selectivity of n-BuC6 over an Ir/NaFAU (a sodium-exchanged Y zeolite) was about 65% product g, 30%
product b, and 5% product a.92
However, there is a large difference for the other two reactants, as IsoProC6 shows enhanced
selectivity to breaking bond g (and perhaps a slight increase in cleavage of bond a). The quaternary carbon
molecule, tert-BuC6, shows almost complete (98%) selectivity to product g, indicating that the tert-butyl
group is hindering access of the Ir metal particles to adsorb and then cleave bond b, but the nanoparticle
size may play a role in this as well. Because the Ir/SiO2 catalyst has large nanoparticles (about 7 nm, Table
9), it might be more difficult to adsorb bond b onto the surface, as there are an abundance of terrace sites
that would be hindered by the bulkiness of the tert-butyl group.96 There is also no product a, caused
partially by the bulkiness of the substituent, but also because the quaternary carbon adjacent to the ring
cannot form a metallocyclobutane intermediate with Ir.49
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Figure 42. Ring opening product selectivity of Ir/CsBEA catalyst. Reaction conditions: 250°C, 1.7 MPa,
0.15 g catalyst, H2:hydrocarbon ratio of 30:1, WHSV varied to obtain conversion <10%.
Using the same model compounds, the alkylnaphthene ring opening was studied with an Ir/CsBEA
catalyst, and the ROP selectivities are presented in Figure 42. At first glace, the results appear similar to
the Ir/SiO2 catalyst, but they do have their differences. The main trend, which shows that there is more
product g as the substituent gets bulkier, is just like the previous catalyst and is due to the Ir in the
catalysts. However, the subtle differences between the two species are likely due to the support or the
nanoparticle size. The Ir/CsBEA catalyst has very little Brønsted acidity due to the Cs-ion exchanges,53,97
and we confirmed this because the catalyst did not isomerize IsoProC6, as Figure 40b shows.
As for the selectivities in Figure 42, the selectivity to product b decreases linearly, while product
g increases, indicating that the bond furthest from the substituent is preferentially cleaved as the size of
the substituent increased. This is in contrast to the non-linear change observed on the Ir/SiO2 catalyst. We
believe this difference could be due to pore size restrictions in the zeolite micropores, however we do not
have kinetic diameter calculations available to elaborate further on this.
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Interestingly, the product a selectivity is highest for the tertiary species on the Ir/CsBEA as well
as the Ir/SiO2 catalyst. While this could be due to scatter in the data points, it could also be due to other
factors, one of which might be an undiscovered mechanism, called a metallocyclopentane. This has been
postulated in the work of McVicker et al., and Coq et al., though they offered scant evidence of the
formation.36,98 This metallocyclopentane intermediate would involve the b carbon on the ring along with
one of the primary carbons on the isopropyl group binding to the metal, although as mentioned earlier,
this could be due to scatter in the data. However, it could also be due to the tertiary carbon being better
able to stabilize the reaction intermediate.
For the quaternary model compound, there is also a difference in the product b selectivity. In
Figure 41, the Ir/SiO2 catalyst led to a 2% selectivity to product b, which is in contrast to the 8% selectivity
observed on the Ir/CsBEA catalyst. While minor, we believe this difference could be due to the
nanoparticle size. The Ir/SiO2 catalyst has larger nanoparticles and had low selectivity to product b, but
the small nanoparticles on Ir/CsBEA would have more undercoordinated sites.90,96,99 We hypothesize that
it could be easier to adsorb the sterically-hindered bond b onto an edge or corner site rather than a terrace
site. This easier adsorbtion could give rise to the higher selectivity to cleaving bond b that we observed
on the Ir/CsBEA catalyst.
We compared the alkylnaphthene ring opening using Ir catalysts to a Pt/SiO2 catalyst. The ROP
selectivity for the primary, secondary, and tertiary species are displayed in Figure 43. The quaternary
species, tert-BuC6, is not included in this analysis because the major products at low conversion were ISO
and CP.
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Figure 43. Ring opening product selectivity of Pt/SiO2 catalyst. Reaction conditions: 325°C, 1.7 MPa, 0.15
g catalyst, H2:hydrocarbon ratio of 30:1, WHSV varied to obtain conversion <10%.
While the trend for the Ir catalysts was more product g formed as the bulkiness increased, the
opposite trend was observed for Pt, as Figure 43 shows. This difference is due to the different ring opening
mechanisms observed on the metals (dicarbene and multiplet for Ir and Pt, respectively).36,49,67 Because
of this, the theoretical product distribution would vary, as MeC6 on dispersed Pt should cleave all bonds
with equal probability (33%).11,63 However, when McVicker et al., evaluated the ring opening of MeC6
using 0.6Pt/SiO2, they found that the product distribution was 65% product a, 35% product b, and a trace
amount of product g.36 Their result is in contrast to the selectivities we obtained (18%, 36%, and 46%,
respectively), although the reaction conditions varied significantly.
When the model compound was changed to n-BuC6, there was a higher selectivity towards
product a and a lower selectivity to products b and g. Our selectivities are in line with the results obtained
by Haas using a 2.69Pt/SiO2 catalyst and the same alkylnaphthene.84
Increasing the alkylnaphthene branching to the tertiary species further enhanced the selectivity
to product a. This observation is likely due to the reaction mechanism, where the alkylnaphthene binds
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to an active site in a p-orientation similar to an allyl group.67 As the alkyl group becomes larger, it is better
able to stabilize the adsorbed intermediate species. However, the adsorption of the molecule could also
be different than what was predicted by the multiplet mechanism. For instance, DFT calculations for
ethane hydrogenolysis revealed that the ring opening of Pt occurred via a *CHCH* dibound
intermediate.100,101 This could be the reason that we get the different observed product distribution.
Table 10. Turnover frequencies of the three catalysts with mono-branched alkylnaphthenes. Reaction
conditions: 250°C for Ir catalysts, 325°C for Pt/SiO2, 1.7 MPa, 0.15 g catalyst, H2:hydrocarbon ratio of
30:1, conversion <10%.

a

Alkylnaphthene

Degree of
Branching

MeC6
n-BuC6
IsoProC6
tert-BuC6

Primary
Secondary
Tertiary
Quaternary

TOF (ks-1)
Ir/SiO2
48
34
28
1.1

Ir/CsBEA
0.79
0.37
0.085
0.040

Pt/SiO2
1.2
0.26
0.080
n.d.a

Ring opening of tert-BuC6 on Pt/SiO2 mainly produced cracked products, so reaction rate or product
analysis could not be determined.
In addition to monitoring the ROP selectivities for each catalyst, we also calculated the turnover

frequencies (TOF) of each model compound on each catalyst. Table 10 shows that the TOF is different
both as a function of the catalyst used as well as the alkylnaphthene degree of branching. In this article,
the catalyst with the highest TOF was Ir/SiO2, which is consistent with another study we performed using
the same Ir/SiO2 catalyst for decalin ring opening.89
We attributed this high activity to more weakly-bound chemisorbed hydrogen atoms (H*). On
small Ir clusters, H* binds more strongly to the metal sites due to the increased presence of edge and
corner sites as compared to large Ir clusters, which have more terrace sites.82,83 In order to perform these
reactions, H* must desorb from the catalyst to allow the alkylnaphthene to adsorb. Additionally, at the
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undercoordinated sites, the carbon-metal bond stability increases, making the activation energy higher
and desorbing the products more difficult.82 Both of those factors contribute to the enhanced TOF
observed on the catalyst with large Ir clusters, Ir/SiO2. Using the same rationale, the low TOF for the
Ir/CsBEA catalyst is plausible, given that the nanoparticle size is around 1 nm, as Table 9 shows.
Given that Ir is preferred over Pt for ring opening, it makes sense that the Pt/SiO2 catalyst has a
lower TOF than its Ir counterparts, despite the reaction occurring at higher temperatures. Although Pt is
able to ring-open C5 rings with ease, it is much more difficult for it to ring-open C6 rings.36 And since the
alkylnaphthenes in this study are all substituted cyclohexanes, the ring opening rates for Pt/SiO2 are
significantly lower than Ir/SiO2. This is also the same observation that we noticed for decalin ring opening,
as the Pt/SiO2 catalyst had a lower reaction rate than the Ir/SiO2 catalyst in Figure 32.
In addition to the TOF changing with the catalyst, it also decreased as the degree of branching
increased. On each of the catalysts, this trend was observed, but it was larger between some molecules,
such as between IsoProC6 (28 ks-1) and tert-BuC6 (1.1 ks-1) for certain catalysts. This could be due to the
molecules having a more difficult time adsorbing onto the catalyst surface. Alternatively, it could be due
to a less stable transition state on the catalyst as the degree of branching increases.
RING OPENING OF TRI-BRANCHED ALKYLNAPHTHENES
Even though the model compounds in the first section contained only one substituent, we decided
to investigate multi-branched cyclohexanes. The endocyclic hydrogenolysis of 1,2- and 1,3dimethylcyclohexane was studied by Do, et al., who observed there were differences in the product
distribution not anticipated by the dicarbene mechanism.67 They found that the Ir/Al2O3 catalyst cleaved
bonds closest to the substituent at a much higher probability than anticipated.
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We decided to study the ring opening of two trimethylcyclohexanes: 1,2,4-trimethylcyclohexane
(124TriMeC6) and 1,2,3-trimethylcyclohexane (123TriMeC6). The six acyclic products that can be formed
from the ring opening of the former molecule are found in Scheme 5. In theory, the only Ir ROP that can
be formed via the dicarbene mechanism is 2,3,5-trimethylhexane (because the other bonds have
substituents, which inhibit the formation of dicarbenes). With the multiplet mechanism, the Pt/SiO2
catalyst should lead to an equal product distribution, but the results of the three catalysts are presented
in Figure 44.
1,2,4-trimethylcyclohexane
(124TriMeC6)

β

α
β

γ

α

γ

ζ

ζ
δ

ε

ε

δ

Scheme 5. Reaction products from ring opening of 1,2,4-trimethylcyclohexane (124TriMeC6).
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Figure 44. Ring opening selectivities of isoparaffins produced from 124TriMeC6. Reaction conditions:
250°C for Ir catalysts, 325°C for Pt/SiO2, 1.7 MPa, 0.15 g catalyst, H2:hydrocarbon ratio of 30:1, WHSV
varied to obtain conversion <10%. Products 2,5- and 3,5-dimethylheptane (b and z) could not be
separated using GC-MS.
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The results in Figure 44 suggest that there is no single ring opening mechanism that occurs for any
of the catalysts. Both Ir catalysts (Ir/SiO2 and Ir/CsBEA) display similar ROP selectivities, and the
preferentially formed product is not product g, the dicarbene product. Instead, product a is most
prevalent, which is the most sterically hindered bond to cleave. Unfortunately, products b and z could not
be separated (despite changing GC conditions and capillary columns), which is also what McVicker, et al.,
found.36 When they briefly looked at the product distribution from 124TriMeC6, they only observed three
peaks on a chromatogram corresponding to four compounds. Using a 0.9 wt% Ir/Al2O3 catalyst, their
product distribution was 20% product a, 43% products b and z, and a 37% selectivity to product g.36
Interestingly, they did not observed any product d or e, even though we observed their presence.
Additionally, we noticed many of the same trends existed on the Pt/SiO2 catalyst, which was odd
given the different ring opening mechanisms observed on Pt and Ir catalysts. There was an even greater
selectivity towards cleaving bond a, which could also be related to the results from Figure 43, where the
bond closer to the substituents was cleaved as the degree of branching increased. That might be why the
Pt catalyst is more selective to cleaving bonds adjacent to the doubly substituted bond.
We attribute the selectivity of cleaving substituted endocyclic bonds to two potential reasons.
Firstly, we believe that the presence of methyl groups are able to stabilize the molecule, thus making the
dehydrogenated molecule and transition state more stable.83 Because there are less chemisorbed
hydrogen atoms that need to be removed from the surface, this could lead to a difference in the stability
of the molecule.
An additional reason that we might see this is because there is a different transition state. For
ethane hydrogenolysis, it was observed that the C-C bond cleavage occurred when the molecule was
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bound to the surface on each carbon with only one hydrogen attached to each carbon (*CHCH*).101 It is
possible that the addition of methyl groups changes the transition state and leads to the formation of
another surface structure that makes the bond cleavage behave differently. In order to understand this,
density functional theory (DFT) calculations will be needed to model the specific reaction steps.
Another data point that we do not fully understand is the difference between the cleavage of
bonds d and e. Although both bonds have a secondary carbon on one side and a tertiary carbon on the
other, their selectivities are different. Bond e breaks more than d, which makes sense from a stability
standpoint but less from a steric viewpoint. Potentially the transition state for this ring opening involves
adjacent bonds, as the only difference between these two bonds is that a methyl group is adjacent to the
secondary carbons. However, in bond d, there is a secondary carbon adjacent to the other secondary one.
It might be possible that the presence of the methyl group could be restricting access for 124TriMeC6 to
access the active sites. However, given the distribution in Figure 44, the electronic effect appears to be
more relevant. The 124TriMeC6 isomer selectivity was also measured for each of the catalysts, and the
distribution is presented in Figure 45.
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Figure 45. 124TriMeC6 product isomer selectivity and a visual description of the four isomers.
Interestingly, the product isomer selectivities reported in Figure 45 show that all the catalysts
isomerized the feedstock to a different isomer distribution. The feed contained mostly aba, and the
Ir/SiO2 and Pt/SiO2 catalysts were both almost equally selective to about 68% aaa, and a smaller portion
of the remaining three isomers. The Ir/CsBEA catalyst isomerized the feedstock to similar selectivities as
the silica catalysts for aab and abb, but the remaining two isomers were different. As noted by the very
large error bars, the aaa and aba isomers varied significantly between reactions. This variation could be
due to one of the products being preferentially converted to other products or it could be because the
system was not at steady state. However, we ran these reactions multiple times, and each time we
observed varying amounts of isomers aaa and aba formed on the Ir/CsBEA catalyst.
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Because 124TriMeC6 showed enhanced selectivity to breaking substituted bonds, we studied
123TriMeC6, which has two substituted bonds that can be cleaved. The three ROPs are displayed in
Scheme 6, and the observed product selectivities are shown in Figure 46.
1,2,3-trimethylcyclohexane
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Scheme 6. Reaction products from ring opening of 1,2,3-trimethylcyclohexane (123TriMeC6).
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Figure 46. Ring opening selectivities of isoparaffins produced from 123TriMeC6. Reaction conditions:
250°C for Ir catalysts, 325°C for Pt/SiO2, 1.7 MPa, 0.15 g catalyst, H2:hydrocarbon ratio of 30:1, WHSV
varied to obtain conversion <10%.
If the Ir catalysts ring opened via the dicarbene mechanism, product g would be the only ROP.
Likewise, according to the multiplet mechanism, the Pt/SiO2 catalyst would produce a mixture of all
products. However, in Figure 46, the major product (i.e., >90% selectivity) for all three catalysts (Ir and Pt)
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is product a, which is formed from the cleavage of the doubly substituted bond. At the same time, the
sterically unhindered product g was not formed on any of the catalyst at selectivities greater than 5%. This
is an even more extreme result than what we saw with 124TriMeC6, as the only ring opening that occurred
here cleaved the completely substituted bond.
Once again, we are not sure why we get this observation, but it likely hinges on the bonding of
the trimethylcyclohexane onto the catalyst surface. The transition state when cleaving a substituted C-C
bond would only require the removal of 2 chemisorbed hydrogen atoms (H*). During typical
hydrogenolysis conditions (such as the ones used in this experiment), there is an excess of hydrogen on
the surface,33 so it is difficult to remove hydrogen from the alkylnaphthenes. However, when cleaving a
doubly substituted bond, there are only 2 H* that need to be removed compared to 3 H* for a single
substituted bond and 4 H* for an unsubstituted C-C bond (although these numbers could change
depending on the number of hydrogens that need to be removed before C-C bond cleavage).
In order to understand these results (which do not align with any of the hydrogenolysis
mechanisms established earlier), DFT calculations need to be performed. These calculations would be
pivotal in understand the bonding of the species to the surface, as well as a way to potentially explain the
ring opening results that we observed. We also measured the 123TriMeC6 isomer selectivity of each of
the products and the feedstock, and the results are presented in Figure 47.
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Figure 47. 123TriMeC6 product isomer selectivity and description of the three different isomers.
The 123TriMeC6 product isomer selectivities of the three catalysts and feedstock are shown in
Figure 47. The feedstock contained mostly (about 80%) aaa, and much smaller amounts of the other two
isomers. Those selectivities were strikingly similar to the isomers produced by both Ir catalysts. This was
an interesting result, because for 124TriMeC6, the Ir catalysts differed from each other and the feedstock
(see Figure 45). However, in this case, the Pt/SiO2 catalyst was significantly different than the other
samples and was consistent with its isomer selectivity. The isomers were selectivity to aba, somewhat
selective to aab, and not selective to aaa. We attribute this selectivity to the Pt metal, which
preferentially cleaves substituted molecules that are cis- to each other. In the above diagram, the isomer
selectivity was the inverse of the products cleaved, meaning that the most preferentially cleaved molecule
(aaa) had the lowest selectivity. This could possibly be due to those isomers being consumed to ROPs.
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Table 11. Turnover frequencies of the catalysts with the trimethylcyclohexanes. Reaction conditions:
250°C for Ir catalysts, 325°C for Pt/SiO2, 1.7 MPa, 0.15 g catalyst, H2:hydrocarbon ratio of 30:1 (mol:mol),
conversion <10%.
Alkylnaphthene
124TriMeC6
123TriMeC6

TOF (ks-1)
Ir/SiO2
2.2
0.65

Ir/CsBEA
0.019
0.027

Pt/SiO2
0.066
0.069

The TOFs of the three catalysts for each of the tri-branched alkylnaphthenes are displayed in Table
11. The results show that the catalysts have low TOFs relative to the mono-branched ones in Table 10. In
general, it appears that the TOFs for the catalysts are comparable to the ones observed for the quaternary
tert-BuC6 molecule. This shows that the ring opening of the tri-branched species is significantly more
difficult than ring opening molecules with one branch.
McVicker, et al., found that in comparing the ring opening of methylcyclohexane (MeC6) to 1,2,4trimethylcyclohexane (124TriMeC6), the former had higher conversion and selectivity towards ring
opening products despite the LHSV being increased by more than an order of magnitude for the former.36
Although they determined that the reaction was slower for the trimethylcyclohexane, they did not
quantify any reaction rates or determine the product distribution with multiple catalysts.
Since we observed that the ring opening was more difficult for species that were more
substituted, we can think of several reasons for this. One potential reason was that the transition state
complex was more stable with the addition of methyl branches. This could be possible because of more
electronic donation from the three methyl groups than just a single one. Another possible reason is that
the ring opening reactions are slower for both TriMeC6 species because an isomerization reaction has to
occur before ring opening. This is in contrast to the mono-branched alkylnaphthenes, which do not need
an isomerization reaction. Additionally, some of the isomers that do not readily react might occupy most
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sites on the catalyst and prohibit ring opening by only causing the isomerization to occur. This could also
be the reason that the Ir/SiO2 catalyst had such a difference in reaction rate between the two reactants,
despite the other two catalysts possessing similar TOFs regardless of the reactant. However, there is
definitely more work needed to understand the data presented in this chapter, and an extension of this
research project is to calculate DFT values, which might explain why we observed such a strange behavior
in the C-C bonds cleaved.
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CHAPTER 5
PRODUCTION OF RENEWABLE DIESEL AND JET FUEL FROM TDO OIL
INTRODUCTION
In order to increase the CN of the TDO oil above the required number, we believe that coupled
hydrogenation and ring opening of aromatic molecules is required. Previous research has already shown
that the hydrogenation step is feasible14 and the resulting cetane number of the fuel is 36.7. Therefore,
we believe that ring opening will allow us to reach the required cetane number as well as increasing the
hydrogen content and decreasing the fuel density. While this process has never been done for TDO oil
(and thus why we are interested in doing this), it has been used to increase the cetane number of other
petroleum feedstocks between 5 and 11 points.31,32
Over the course of this research, we synthesized catalysts that are able to ring open cyclic
compounds. The results from the decalin ring opening project (Chapter 3) showed that the IWI Ir catalysts
were best able to produce compounds with high reaction rates (and TOFs), while also producing high CN
products.
The goal of this research is to evaluate ring opening catalysts for their ability to ring open HTDO
oil. Three different catalysts will be used to determine the best catalyst for HTDO ring opening, and that
catalyst would be tested on further experiments to determine if it is capable of hydrogenation and ring
opening simultaneously. Lastly, the ring opening catalyst will be paired with a hydrogenation catalyst to
simultaneously hydrogenate and ring open TDO oil.
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MATERIALS AND METHODS
FEEDSTOCK PREPARATION
For these reactions, there were three different TDO oil derivatives used as feedstocks. In the first
batch of experiments, a HTDO distillate from 190° to 210°C was used as a feedstock diluted in n-hexane.
The HTDO oil was prepared by hydrogenating a sample of TDO oil using a commercial Ni/kieselguhr
catalyst. A GCMS chromatogram of that sample is displayed in Figure 48. For the second group of
experiments, the feedstock was an F-76 cut of HTDO oil, which has a boiling point range of 150° to 325°C
(compounds are shown in Figure 52) and was diluted in n-hexane. The last reaction utilized crude TDO oil
distilled between 200° and 425°C. This pure, aromatic feedstock also contained oxygenated species, and
the chromatogram is in Figure 54.
For the first two reactions, the samples were diluted in n-hexane so that low WHSV could easily
be attained, and many samples could be taken in a short span of time. However, the for the last reaction,
the crude TDO oil was not diluted because of the large quantity of catalyst used in the reactor bed. Ideally,
there would be little or no difference in the results obtained with the solvent compared to the ones
without a solvent. For these reactions, we assumed that the solvent, n-hexane, did not interact with the
catalyst surface, which was also likely the case in other studies.89,94 In general, we did not notice any
significant differences running the reactions with or without a solvent at the same WHSV.
CATALYTIC REACTION TESTING
Ring opening reactions were carried out in high-pressure, stainless-steel trickle-bed reactors. A
schematic of the down-flow reactor can be found in Figure 25. Two different reactors (constructed with
½” tubing) were used for these reactions, one for hydrotreated HTDO fuels as a feedstock, and another
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with crude TDO oil as a feedstock. Reactions were carried out at 250° – 350°C, 0.7 – 3.4 MPa of H2, and H2
flow rates of 10 – 40 sccm. Details of each individual reactor are described at the beginning of each section.
RESULTS AND DISCUSSION
RING OPENING OF 190 – 210°C DISTILLATE OF HTDO OIL
The best suited compounds to be ring opened are lightly branched bicyclic molecules. These
molecules, which are structurally similar to decalin, are found in HTDO oil in the middle distillate region.
However, the ring opening catalysts must be tolerable of a wider range of hydrocarbons than simply
unbranched bicyclic species. For that reason, we decided that the 190° to 210°C boiling point cut of HTDO
oil would be a good comparison for several ring opening catalysts. We chose the catalysts that showed
promise in the decalin ring opening catalysts presented in Chapter 3 (see Figure 33). A GC-MS
chromatogram of the compounds found in the specific boiling point cut is displayed in Figure 48.

Figure 48. GC-MS chromatogram of 190° to 210°C distillate cut of HTDO oil used as feedstock.
By far, the most prevalent compounds in that boiling point range are 2-methyldecalin (MD), and
about 65% of it is in the trans- form (meaning that the molecule sits in a fused chair conformation that is
largely in the same plane). There are four MD peaks in the chromatogram because there are two points
of stereochemistry, one at the central fused bond and one where the methyl group attaches. The other
compounds found in this boiling point cut include decalin and a variety of disubstituted decalin species.
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Using the same GC-MS temperature ramp, we analyzed the reaction products from three different
catalysts we determined were best for decalin ring opening: Ir/SiO2, Ir/Al2O3, and Ir/1xCsBEA. Although
we used a 20°C boiling point cut here, we believe that the 185° to 215°C cut would present the ideal
compounds for ring opening.
To perform these ring opening reactions, we used a catalyst bed that contained 1 gram of catalyst
diluted with carborundum (SiC). The feedstock HTDO distillate was diluted 10 wt% in n-hexane, and the
reaction products using the Ir/SiO2 catalyst are shown in Figure 49.

Figure 49. GC-MS chromatogram of products from ring opening HTDO distillate using 3Ir/SiO2. Reaction
conditions: 300°C, 0.02 mL/min, 1.7 MPa, 10 sccm H2, 0.08 h-1 WHSV.
The Ir/SiO2 ring opening products shown in Figure 49 demonstrate that ring opening this fraction
is feasible. The resulting product molecules have mostly between 9 and 11 carbon atoms in them,
indicating that there was some slight hydrocracking that occurred in combination with ring opening. The
products were also selective to opening the ring at the furthest point from the fused bond, meaning that
the main ring opening product from decalin was 1,2-diethylcyclohexane (12DiEtC6). This is an interesting
result, because when the Ir/SiO2 catalyst was tested for decalin ring opening, we determined that
12DiEtC6 was formed in near parity to another compound, 1-methyl-2-propylcyclohexane (12MeProC6),
as Figure 28 showed. This could be because there is a lower barrier for opening the furthest bond when
doing more than one potential ring opening reaction. Another observation from this sample was that for
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the ring opening of 2-methyldecalin, the Ir/SiO2 catalyst preferentially opened the ring without the methyl
substituent on it.
While it is not shown from the chromatogram in Figure 49, there were also a good number of diring opened acyclic products (2ROPs) that were produced from the reaction and had either 9 or 10
carbons. These were all isoparaffins with typically two degrees of branching. Given that, the products
would likely be better suited for aviation gasoline or jet fuel, but the molecules could still be used as
blending agents for diesel fuel. At the same reaction conditions as the Ir/SiO2 catalyst, the ring opening
was studied using the Ir/Al2O3 catalyst, and a chromatogram of the products is displayed in Figure 50.

Figure 50. GC-MS chromatogram of products from ring opening HTDO distillate using 3Ir/Al2O3. Reaction
conditions: 300°C, 0.02 mL/min, 1.7 MPa, 10 sccm H2, 0.08 h-1 WHSV.
Because the reaction conditions used to test the Ir/SiO2 and Ir/Al2O3 catalysts were identical, their
chromatograms would be the same if they had the same activity. However, the Ir/SiO2 catalyst is about
twice as active as its alumina-supported counterpart. Regardless, the product distribution looks strikingly
similar to the silica catalyst, which is largely because the support does not contribute to the reaction. On
both catalysts, the neutral oxide support was chosen to distribute the Ir nanoparticles over a large surface
area, while the hydrogenolysis took place via the Ir functionality. The ring opening also occurred at the
bonds furthest from the central fused bond (like Ir/SiO2), as 1,2-diethylcyclohexane was the most
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prevalent ring opened product. The last catalyst tested for this purpose was the bifunctional Ir/1xCsBEA
catalyst, and its reaction products are displayed in Figure 51.

Figure 51. GC-MS chromatogram of products from ring opening HTDO distillate using 3Ir/1xCsBEA.
Reaction conditions: 250°C, 0.10 mL/min, 1.7 MPa, 20 sccm H2, 0.41 h-1 WHSV.
Unlike the previous two chromatograms, Figure 51 shows a broad range of products with
significantly different molecular sizes. While the ring opened products were mostly in the 9 to 11 carbon
range for the monofunctional catalysts, the ring opened products mostly had less than 9 carbons on
Ir/1xCsBEA. This is because hydrocracking reactions dominate on Ir/CsBEA (due to the Brønsted acidity),
and there is a large difference in product distribution at different temperatures. At 300°C using the same
conditions as the previous two catalysts, the only products visible on the chromatogram were BTX
(benzene-toluene-xylene) compounds. These aromatic compounds are formed by consecutive
hydrocracking and then aromatization reactions. Reducing the temperature and increasing the flow rate
reduced the quantity of aromatic products formed, but there was still some pseudocumene (1,2,4trimethylbenzene) found in the chromatogram in Figure 51. However, at lower temperatures (e.g., 225°C),
there is little conversion that occurs, and the products are mainly hydrocracked products.
Given the results from the three catalysts, the Ir/SiO2 catalyst shows the most promise for a ring
opening catalyst due to its high selectivity to ring opening and its higher activity. The next best catalyst
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would be Ir/Al2O3, and the worst catalyst is likely Ir/1xCsBEA. Interestingly, this is also the same order that
we observed when studying decalin ring opening.
The results in the last few figures demonstrate that we have proof-of-concept when it comes to
ring opening complex dicyclic mixtures. However, since this distillate only contained a limited subset of
molecules, we decided to test the ring opening using a larger boiling point range.
RING OPENING OF HTDO OIL
After we observed that the catalysts were suitable to ring open a mixture of bicyclic compounds,
we decided to try ring opening a larger fraction of HTDO oil. Instead of the 190° to 210°C cut, we used the
F-76 fraction, which has boiling points between 150° and 325°C. A GC-MS chromatogram of the molecules
in the feedstock is displayed in Figure 52.

Figure 52. GC-MS chromatograph of F-76 cut of HTDO oil.
While most of the compounds in the F-76 sample are hydrogenated, there are also a number of
unsaturated tetralin species present. Believe it or not, this F-76 chromatogram is from the same sample
as the sample that is shown in Figure 15, just the chromatograms were taken more than two years apart.
Apparently, over the course of storing the sample for two years, the completely saturated compounds
started to partially dehydrogenate to substituted tetralin species. However, with the presence of these
unsaturated components in the feedstock, this reaction tests the ability of the catalyst to perform both
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hydrogenation and ring opening reactions. The ½” reactor was filled with 3 grams of 3 wt% Ir/SiO2 diluted
in carborundum, and the feed to the reactor consisted of 20 wt% F-76 cut diluted in n-hexane. A sample
chromatogram of the reaction products is displayed in Figure 53.

Figure 53. GC-MS chromatogram of ring opened F-76. Reaction conditions: Ir/SiO2, 325°C, 0.01 mL/min,
1.7 MPa, 10 sccm H2, 0.05 h-1 WHSV.
The chromatogram in Figure 53 shows several important characteristics. Firstly, there are no
aromatic (unsaturated) compounds present in the products, which means that the ring opening catalyst
was able to completely saturate the tetralin species. The product distribution also shows that
hydrogenation occurs before ring opening on these catalysts, because there are no aromatic ring opening
products (AROPs) in the sample. This is in line with most studies, because aromatic compounds bind
stronger to the metal site than saturated ones, causing hydrogenation to occur first.102,103 When all
hydrogenation has occurred, the samples could then be ring opened. We should point out that this is true
in the absence of Brønsted acid sites. However, when those acid sites are present, ring opening can occur
before complete hydrogenation.99
Another important thing to take away from Figure 53 is the low WHSV that these samples were
taken at. At higher space velocities, there were no ring opening products observed, and hydrogenated
products were present. However, the WHSV had to be very low to obtain ring opening products. The thing
to keep in mind from this is that the Ir/SiO2 ring opening catalyst is optimized for ring opening, not
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hydrogenation. In addition to the limited number of metal sites on the Ir catalyst, there is also the
potential for catalyst coking when performing hydrogenation reactions as tetralin-like intermediates may
bind and block the metal surface.104 These should be avoided by ensuring that sample feedstocks are
completely hydrogenated/saturated prior to being fed to the ring opening catalyst. This is not because Ir
cannot perform the hydrogenation reactions, but rather because it is an expensive catalyst, it should be
used for specialized ring opening reactions. Meanwhile, an inexpensive Ni catalyst could be used for
hydrogenation prior to attempting ring opening reactions.
Some other observations we took away from these reactions were that hydrogen pressure is
important for these reactions. When the reactions took place at atmospheric pressure, there was no
conversion that occurred, regardless of the hydrogen flow rate or the WHSV. However, increasing the
hydrogen pressure tended to perform better ring opening, though the samples were only tested up to a
pressure of 1.7 MPa. The temperature was also important in determining the product distribution, as
undesirable dehydrogenated products were observed at temperatures above 325°C. However, we
determined that the best reaction activity was observed at high temperatures, so it is recommended to
run these reactions at temperatures just below when the dehydrogenation occurs.
COUPLED HYDROGENATION AND RING OPENING OF TDO OIL
Since it was determined that the ring opening catalyst should only perform ring opening reactions,
we wanted to test the ability of a combined reactor system to be able to hydrogenate and ring open
products in TDO oil into ring opening products. The feed for this reactor was TDO oil distillate between
200° and 425°C, and a chromatogram of the feedstock is displayed in Figure 54.
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Figure 54. GC-MS chromatogram of the TDO oil 200° to 425°C distillate used as a feedstock for combined
hydrogenation and ring opening reactions.
The compounds in distilled TDO oil are very similar to the ones found in crude TDO oil (see Figure
10), except that the low-boiling, substituted monoaromatic species are removed from this sample, so the
feedstock contains only di- and tri-aromatics (but much more of the former). Importantly, the feed also
contains oxygen compounds, mostly in the form of substituted naphthols. Because of this, the
hydrogenation catalyst must be able to perform both HYD and HDO reactions, and the reaction products
would be a biphasic mixture of oil and water.
For these reactions, a single trickle-bed reactor was used. Both catalysts were packed in the same
½” reactor tube, and heating tape was used to allow the temperature in the reactor to be equivalent for
both catalysts. From top to bottom, the materials in the reactor consisted of: carborundum to disperse
the feedstock, 5 grams of Alfa Aesar Ni/kieselguhr catalyst diluted in carborundum, quartz wool to
separate the catalyst beds, 3 grams of 3 wt% Ir/SiO2 catalyst diluted in carborundum all situated on top of
a plug of quartz wool. The reactor feedstock was not diluted into any solvent, and a sample of the oil
phase of reaction products is displayed in Figure 55.
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Figure 55. GC-MS chromatogram of hydrogenated and ring opened TDO oil. Reaction conditions: Alfa
Aesar Ni/kieselguhr and Ir/SiO2, 320°C, 0.01 mL/min, 3.4 MPa, 10 sccm H2, 0.12 and 0.18 h-1 WHSV.
The GC-MS chromatogram in Figure 55 is significantly different than the feedstock chromatogram
shown in Figure 54. The first observed change is that all the aromatic compounds were completely
saturated. Additionally, all the oxygenated species in the samples were completely deoxygenated and
saturated. Finally, there are also some ring opened products visible in the chromatogram, showing that
there is ring opening along with hydrogenation when using this reactor. However, there is very little ring
opening, which is likely due to the WHSV of the sample. At these conditions, the WHSV is relatively high
(0.18 h-1), which is likely limiting the number of ring opening products that we are forming. Additionally,
we do not know if there are any unsaturated compounds that make it past the first catalyst, whereby the
ring opening catalyst is forced to hydrogenate these samples instead of ring opening them. Consequently,
this experiment also raises a significant number of questions, but this shows that using a combined
hydrogenation and ring opening approach is promising to produce diesel and jet fuel fractions.
We observed other trends with these reactions, and although they were similar to the F-76 HTDO
ring opening, there were new ones as well. Like before, there was a strong correlation between the reactor
temperature and reaction products. At temperatures above 320°C and low flow rates, dehydrogenation
and aromatization that became very apparent. For a sample taken at 330°C and 0.01 mL/min, the main
products were BTX molecules, indicating the presence of hydrocracking and dehydrogenation reactions
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dominating. For these reactions, we also observed that increasing the hydrogen pressure caused ring
opening to occur closer to the central fused bond in decalin, which can be observed by comparing the ring
opening products in Figure 55 with the ones in Figure 49. The results from Figure 55 are more in line with
what we observed for decalin ring opening in Figure 28.
One last observation we noticed was that several of the products had a high percentage of cisisomers. For a couple of the samples taken at 325°C and higher flow rates (0.04 mL/min), we noted that
a majority of the methyldecalin (MD) isomers were cis-MD (and the decalin isomers were mostly cisdecalin). This contrasts with every sample that we took for decalin ring opening and all the HTDO ring
opening samples. These results could have been observed because the reactor had both hydrogenation
and ring opening catalysts in it or they could potentially just be a few outlying data points.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
CONCLUSIONS
Thermal DeOxygenation (TDO) oil is a renewable oil that can be synthesized by cellulose hydrolysis
and dehydration. However, upgrading TDO oil into renewable fuels such as diesel and jet fuels requires
catalytic upgrading by hydrogenation and ring opening. Previous research by the authors has showed that
even if complete hydrogenation of TDO oil was achieved, the fuel was still unable to meet the combustion
characteristics set by the federal government. In order to meet these requirements, we decided to focus
this research on the design of selective ring opening catalysts.
In Chapter 1, we began by introducing the role that liquid transportation fuels play in our lives,
allowing us to travel throughout the world. We also saw the effect that hydrocarbons had on different
fuels and we talked about the importance of cetane number for the combustion of diesel fuel. TDO oil
was introduced, and we spoke about the role that this cellulose-derived fuel could play as a sustainable
alternative to the commonplace petroleum-derived fuels. Lastly, we also talked about upgrading TDO oil
into diesel and jet fuels and we determined that a combined hydrogenation and ring opening strategy
could be viable for the production of liquid transportation fuels.
The second chapter focused on the design and characterization of the catalysts. Because there is
no commercial process for these reactions, there has been little catalyst development in ring opening,
particularly in the production of n-paraffins and isoparaffins from cycloparaffins. However, most of the
literature showed that the ideal catalysts contained Ir and were synthesized onto ion-exchanged zeolites.
In this research, we characterized our catalysts by N2 physisorption, H2 chemisorption, NH3 TPD, and XRD.
The ion exchanged catalysts showed near unity chemisorption, while the particle size was much larger on
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the incipient wetness impregnation catalysts, and the catalysts with the largest particle sizes had visible
reflections on the XRD. We also determined that Cs was better than Na at reducing the total zeolite acidity
and that multiple ion exchanges were better than single exchanges for reducing the total acidity.
Chapter 3 took a look into the production of high cetane fuels produced by ring opening decalin,
a bicyclic compound with chemical structure similar to the compounds found in hydrogenated TDO oil. In
order to sort out the hundreds of compounds, we devised a GC-MS method that used SIM to easily identify
the compound classes. From there, we analyzed the product distribution of four of the six catalysts and
determined that the catalysts with highest acidities (Ir/BEA) tended to perform isomerization and
dehydrogenation, while ring opening was favored on catalysts supported on neutral oxides (Ir/SiO2 and
Ir/Al2O3). We also observed that the product cetane number followed the same trend, and the optimal
catalyst was Ir/SiO2, which had a TOF of 5.7 ks-1 and a cetane number improvement of 5 points. We then
verified that it was the best catalyst by comparing it with other metallic catalysts and then with Ir
dispersed on a variety of supports. We also found that the optimal temperature range to use the Ir/SiO2
catalyst was between 275° and 300°C, as lower temperatures led to lower reaction rates, but higher
temperatures led to unwanted dehydrogenation reactions.
In Chapter 4, we evaluated the ring opening mechanisms of six different alkylnaphthenes using
three different catalysts. In studying the ring opening of mono-branched compounds, we tried to
determine if the endocyclic hydrogenolysis followed the dicarbene, multiplet, metallocyclobutane, or
some other unknown mechanism. We determined that for the mono-branched compounds, Ir catalysts
ring opened further from the substituent as the substituent bulkiness increased, which was the opposite
trend that we observed on the Pt/SiO2 catalyst. We also quantified the TOFs and found that the Ir/SiO2
catalyst had a significantly higher TOF than the other catalysts and that the TOF decreased as the
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substituent bulkiness increased. For the tri-branched compounds, we found that the ring opened products
did not follow any of the three mechanisms, and we believe that it could be a difference in the carbocation
stability or the transition state required to break the C-C bond. This could be the reason that we observed
ring opening at the substituents for all catalysts. Lastly, we determined that the ring opening of
trimethylcyclohexanes was significantly more difficult than methylcyclohexane, and the TOF was more
than twenty times lower for the former.
The focus of Chapter 5 was to apply the catalysts that we tested on model compounds to use in
producing diesel and jet fuel fractions. Instead of ring opening one model compound, we tested three
different catalysts for ring opening of a small distillate range of hydrogenated TDO (HTDO) oil. We
determined that the best catalyst was Ir/SiO2, followed by Ir/Al2O3, and lastly was Ir/1xCsBEA. The Ir/SiO2
catalyst was able to ring open the bicyclic molecules in HTDO oil to monocyclic compounds as well as
acyclic ones. The optimal catalyst was then used to ring open a F-76 sample, and we identified that the
Ir/SiO2 catalyst was able to perform hydrogenation as well as ring opening reactions. We also fed a sample
of crude TDO oil to the reactor and using a hydrogenation and ring opening catalyst paired together, we
were able to produce fuel that consisted of a variety of mono- and dicyclic compounds. Utilizing the
catalysts developed in this research, we are able to produce drop-in diesel and jet fuels from a renewable,
biomass-derived oil.
RECOMMENDATIONS FOR FUTURE STUDIES
Throughout these experiments, we posed additional questions that could be evaluated in future
studies. One of these questions was about the metals that we chose for the ring opening catalysts. Our
analysis of four metals identified that Ir was the optimal metal to use, but we only tested four different
precious metals. We could have tested additional metals like osmium (though we would have to be aware
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of OsO4) or Pd, which could potentially yield better ring opening results. Additionally, we could have tested
bimetallic catalysts. All the catalysts in this study were monometallic, but some bimetallic catalysts, in
particular Pt-Ir catalysts, show promise for having high activity (due to Ir) and high cetane number
products (due to the Pt ring opening mechanism).
Along the same lines, there were certainly more supports that could have been tested than the
ones used in this research. The only supports we mentioned were BEA zeolite, silica, and alumina. We
could have used other neutral supports such as carbon, or slightly acidic ones like titania or zirconia, or
even basic supports like hydrotalcite. Perhaps the last catalyst is most intriguing because we noticed
enhanced selectivities when we added Cs to the BEA, which effectively adds basicity to the acidic zeolite.
Potentially, there is some effect that basic sites may have on the ring opening reaction. We could also
have tested a larger subset of zeolites. Although we only mentioned BEA, we also synthesized ion
exchanged FAU catalysts as well. However, those are only two of the many zeolites that could be used for
this research. Large- or extra-large-pore zeolites would be best for these reactions, because they allow
large bicyclic molecules to access the pores without cracking them or having diffusion limitations.
Another thing to notice was that all the catalysts synthesized in this study contained 3 wt% metal.
We chose this number because it was reported by Santi et al., that there was a maximum ring opening
yield observed with catalysts containing 3 wt% Ir.53 However, we did not independently test the effect
that the metal content had on the reaction. That certainly could be done in a future study, and it also
should be done before trying to commercialize the process. Along the same lines, there needs to be some
analysis of the correlation between the particle size of Ir nanoparticles have on the TOF and product
selectivity. We made claims in this dissertation that the TOF was somewhat proportional to the particle
size, where the larger nanoparticles that we observed on Ir/SiO2 led to higher TOFs in Table 6.
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Along the same lines, there needs to be more catalyst stability tests performed. We tested the
stability of decalin and found that over 8 hours on stream, there was minimal deactivation, and the
selectivity was consistent with the initial observations. However, there needs to be a more thorough
stability test conducted, including one where a feedstock of HTDO oil is fed to the catalyst. However, in
doing so, it is important that the feedstock is completely saturated, as any aromatic (tetralin) species in
the feedstock could deactivate the catalyst by coking. However, coking has still been reported on ring
opening catalysts, but they mainly appeared to be much smaller carbon deposits left over after
hydrocracking.54
We could also perform more characterization for each of the catalysts. While we did perform NH3
TPD on the ion-exchanged supports, we did not use it to test the total acidity of the final catalysts. This
could prove interesting as the incorporation of the metal onto the surface has been reported to increase
the acidity. In addition to just looking at the total acidity of the catalysts, another future study could look
at pyridine FTIR to be able to quantify the percentage of sites that are Brønsted acids and Lewis acids on
the zeolites. This could likely be a much more meaningful value for us than simply the total acidity. A
future study could also look for a correlation between the number of Brønsted acid sites on a catalyst and
the selectivity to skeletal isomerization and ring opening products for decalin ring opening. Additionally,
TEM images could be valuable in validating the metal particle sizes as well as being able to see if there
were any issues with the ion exchanges and some of the pores being blocked with Cs or Ir.
Another aspect of this project that is ongoing is density functional theory (DFT) calculations. Given
all of the questions that the alkylnaphthene ring opening research raised, it was necessary to try to
understand the reactions as they are happening on the catalyst surface on a molecular level. This is
especially important because the data we collected for the tri-branched alkylnaphthenes was very
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different than what we expected, and it was the opposite of what any of the mechanisms would have
predicted. By being able to test the different reaction pathways and better understand the elementary
steps that occur on the catalyst, hopefully we would be able to understand some of the confusing ring
opening results. It is likely that the results would show that at least one of the purported mechanisms
(dicarbene, multiplet, or metallocyclobutane) is somewhat untrue or even possibly wrong. For instance,
for ethane hydrogenolysis on Ir, although ethane does doubly bind to a metal site on each carbon, they
are different metal atoms, and there are instances where single or triple bonds are required to the surface
in order to cleave the molecule.101 Regardless of the results, we believe that the DFT results will give us
some much-needed insight into hopefully better understanding the reaction mechanism.
As we alluded to in Chapter 5, there also could be some testing done on the effect that time has
on fuel. When we compared the F-76 cut of HTDO oil (150° to 325°C), the sample taken right out of the
reactor (Figure 15) looked very different than the sample that had been in storage for two years (Figure
52). The stored sample had considerably more unsaturated compounds in it. This could potentially be due
to a very slow thermodynamic process because the aromatic compounds are more stable than their
saturated counterparts at the storage temperature and pressure. Either way, this might be important to
notice because if the fuel is stored for too long, it could have the potential to degrade and then ultimately
not be able to function properly when used in a diesel or jet engine.
And the last point that we will make at this time is to point out that these catalysts need to be
scaled up. In the course of this dissertation, we only tested the catalysts with a maximum of 3 grams of
ring opening catalyst in the reactor at a time. In order for us to be able to produce gallons of diesel and
jet fuel, then we would need to synthesize and test the catalyst on a much larger scale. Then, after that,
we would need to test the resulting liquid for combustion characteristics. Certainly, a cetane number test
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(ASTM D613) would be necessary along with different tests for jet fuel, namely the flash point, freezing
point, and thermal stability. Together, if the fuel was able to meet these specifications, then it could be
used as a drop-in fuel for diesel and jet engines. However, even if the final combustion characteristics are
not met, the fuel could always be blended with ULSD or other jet fuels for use in the engines.
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APPENDIX A
SYNTHESIS OF SELECT RING OPENING CATALYSTS
ION EXCHANGED (IXC) CATALYSTS

A.

3Ir/BEA – (3 wt% Ir/BEA zeolite)
•

B.

Catalyst synthesis
o 1.2489 g of unadulterated BEA zeolite (CP814C NH4+ form) was added to a 20 mL
beaker containing 5 mL of deionized water and 0.0614 g of
chloropentaamineiridium(III) chloride
o The iridium solution was capped with a watchglass and stirred at a hot plate
temperature of 160°C (which correlated to a solution temperature of 80°C) for 4
hours
o The solution was transferred to a ceramic evaporation dish and dried in the oven for
3 hours at 80°C
o The faint yellow catalyst was crushed with a mortar and pestle and placed in a
muffle furnace, which was heated by 1°C/min to a maximum temperature of 350°C,
where it was held for 4 hours before cooling to room temperature

Procedure for synthesis of 3 wt% Ir/1x4hrNaBEA (shortened to 3Ir/1xNaBEA)
•

Support preparation
o In a 250 mL RB flask, 9.9822 g of CP814C NH4+ BEA zeolite was added to 210 mL of 1
M NaNO3
o The solution was heated to 80°C and stirred for 4 hours
o After 4 hours, the zeolite solution was vacuum filtered and washed with 0.5 L of
deionized water to remove residual NaNO3
o The filtrate was air dried for an hour at room temperature
o The filtrate cake was placed in the oven for 3 hours at 80°C and then crushed to
granular size
• Catalyst synthesis
o 0.9963 g of Na-exchanged BEA was added to a 20 mL beaker containing 4 mL of
deionized water and 0.0494 g of chloropentaamineiridium(III) chloride
o The iridium solution was capped with a watchglass and stirred at a hot plate
temperature of 160°C (which correlated to a measured temperature of 80°C) for 4
hours
o The solution was transferred to a ceramic evaporation dish, which was dried in the
oven for 3 hours at 80°C
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o

C.

The faint yellow catalyst was crushed with a mortar and pestle and placed in a
muffle furnace, which was heated by 1°C/min to a maximum temperature of 350°C,
where it was held constant for 4 hours before cooling to room temperature

3Ir/1xCsBEA – (3 wt% Ir/1x4hrCsBEA)
•

Support Preparation
o In a 250 mL RB flask, 15.0769 g of CP814C NH4+ BEA zeolite was added to 210 mL of
0.1 M CsCl
o The solution was heated to 80°C and stirred for 4 hours
o After 4 hours, the zeolite solution was vacuum filtered and washed with 0.5 L of
deionized water to remove residual CsCl
o The filtrate was air dried for an hour at room temperature
o The filtrate cake was placed in the oven for 3 hours at 80°C and then crushed to
granular size
o The granules were placed in a muffle furnace, which was heated by 5°C/min to a
maximum temperature of 450°C, where it was held constant for 3 hours before
cooling to room temperature
• Catalyst Synthesis
o 1.0015 g of Cs-exchanged BEA was added to a 20 mL beaker containing 4 mL of
deionized water and 0.0479 g of chloropentaamineiridium(III) chloride
o The iridium solution was capped with a watchglass and stirred at a hot plate
temperature of 160°C (which correlated to a measured temperature of 80°C) for 4
hours
o The solution was transferred to a ceramic evaporation dish and dried in the oven for
3 hours at 80°C
o The faint yellow catalyst was crushed with a mortar and pestle and placed in a
muffle furnace, which was heated by 1°C/min to a maximum temperature of 350°C,
where it was held constant for 4 hours before cooling to room temperature

Figure 56. Images of the ion exchange to produce 3Ir/1xCsBEA. (From left to right) The Cs-ion exchanged
zeolite and Ir complex, which were heated and stirred on a hot plate were dried in a crystallization dish
in the oven. The oven-dried sample was then taken and crushed to size. Lastly, the sample was calcined
in a muffle furnace (not shown).
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D.

3Ir/2xCsBEA – (3 wt% Ir/2x4hrCsBEA)
•

Support Preparation
o In a 250 mL RB flask, 14.4952 g of CP814C NH4+ BEA zeolite was added to 210 mL of
0.1 M CsCl
o The solution was heated to 80°C and stirred for 4 hours
o After 4 hours, the zeolite solution was vacuum filtered and washed with 0.5 L of
deionized water to remove residual CsCl
o The filtrate was then air dried for an hour at room temperature
o The filtrate cake was placed in the oven for 3 hours at 80°C and then crushed to
granular size
o The granules were placed in a muffle furnace, which was heated by 5°C/min to a
maximum temperature of 450°C, where it was held constant for 3 hours before
cooling to room temperature
o The above process occurred a second time for a second ion exchange
o The second ion exchanged used the same conditions and processes, but this time
included 13.9187 g of Cs-exchanged BEA and 195 mL of 0.1 M CsCl
o After ion exchanging, washing, drying, and calcining a second time, the zeolite was
then ion exchanged with Ir to produce the final catalyst
• Catalyst Synthesis
o 5.9982 g of 2xCsBEA was added to a 50 mL beaker containing 20 mL of deionized
water and 0.2924 g of chloropentaamineiridium(III) chloride
o The iridium solution was capped with a watchglass and stirred at a hot plate
temperature of 160°C (which correlated to a measured temperature of 80°C) for 4
hours
o The solution was transferred to a ceramic evaporation dish and dried in the oven for
3 hours at 80°C
o The faint yellow catalyst was crushed with a mortar and pestle and placed in a
muffle furnace, which was heated by 1°C/min to a maximum temperature of 350°C,
where it was held constant for 4 hours before cooling to room temperature
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Figure 57. Images of the ion exchange to produce 3Ir/2xCsBEA. (From top left to bottom right) The Csion exchanged zeolite and Ir complex were heated and stirred on a hot plate. The solution was dried in a
crystallization dish in the oven. The dried precursor was then crushed to size. Lastly, the sample was
calcined in a muffle furnace to oxidize the iridium.
E.

Ir/meso-BEA IE – (3 wt% Ir/Cs-Na-meso-BEA IE)
•

Support preparation54
o In a 100 mL RB flask, 5.0014 g of CP814C NH4+ BEA zeolite was added to 32 mL of
MilliQ water, 0.4688 g of NaOH (Fisher, ACS), and 2.5031 g CTAB (cetrimonium
bromide, Alfa Aesar, 98%)
o The solution was heated to 80°C and stirred for 6 hours
o Afterwards, the solution was vacuum filtered and washed with 50 mL of deionized
water
o The filtrate was then dried at 60°C overnight
o In order to remove the surfactant (CTAB), the sample was then placed in the muffle
furnace and heated at a ramp of 3°C/min to 550°C, where it remained for 6 hours,
before cooling to room temperature
o The mesoporous BEA zeolite was then subjected to sequential Na- then Cs-ion
exchanges
o 3.7550 g of meso-BEA was added to a 250 mL RB flask along with 125 mL of 1 M
NaNO3
o The solution was heated to 80°C and stirred for 4 hours
o Then, the solution was vacuum filtered and washed with 250 mL of deionized water
to remove residual NaNO3
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The filtrate was air dried at room temperature for an hour, set into the oven at 80°C
for 3 hours, then crushed to size
o 3.6582 g of Na-meso-BEA was added to a 250 mL RB flask along with 123 mL of 0.1
M CsCl
o The solution was heated to 80°C and stirred for 4 hours
o Then, the solution was vacuum filtered and washed with 250 mL of deionized water
to remove residual CsCl
o The filtrate was air dried at room temperature for an hour, set into the oven at 80°C
for 3 hours, then crushed to size
o The granules were then placed in a muffle furnace, which was heated by 5°C/min to
a maximum temperature of 450°C, where it was held constant for 3 hours before
cooling to room temperature
• Catalyst synthesis
o To perform the Ir ion exchange, 1.0008 g of the Cs-Na-meso-BEA was added to a 20
mL beaker with 0.0498 g of chloropentaamineiridium(III) chloride and 4 mL of
deionized water
o The iridium solution was capped with a watchglass and stirred at a hot plate
temperature of 160°C (which correlated to a measured temperature of 80°C) for 4
hours
o The solution was then transferred to a ceramic evaporation dish and dried in the
oven at 80°C for 3 hours
o The faint yellow catalyst was crushed with a mortar and pestle and placed in a
muffle furnace, which was heated at a ramp rate of 1°C/min to 350°C for 4 hours
before cooling to room temperature
o

INCIPIENT WETNESS IMPREGNATION (IWI) CATALYSTS
F.

3 wt% Ir/SiO2
•
•
•
•
•
•

Incipient Wetness Test revealed that 9.1742 g of water could fit inside the pores of
6.0106 g of silica (Ratio H2O:Support = 1.53)
0.3214 g of IrCl4 was weighed out along with 9.1611 g of deionized water
The dark iridium solution was added dropwise to 6.0018 g of silica and stirred to break
up any chunks of support. The final mixture appeared as a red velvet paste
The catalyst was moved to the oven, where it was dried at 80°C for 3 hours
Chunks of the brownish material were broken up with a mortar and pestle
The granules were placed in a muffle furnace, which was heated by 1°C/min to a
maximum temperature of 350°C, where it was held constant for 4 hours before cooling
to room temperature
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Figure 58. Images of the synthesis of 3Ir/SiO2. (From left to right) The iridium solution was added
dropwise to the silica support until the pores were filled. The sample was dried in the oven and crushed
to size. The sample was calcined in a muffle furnace to oxidize the iridium.
G.

3 wt% Pt/SiO2
•
•
•
•
•

0.4955 g of H2PtCl6 • xH2O (where x=6.03 from TGA) was weighed out along with
9.0242 g of deionized water
The orange-yellow platinum solution was added dropwise to 6.0067 g of silica and
mixed to break up any chunks of support. The final mixture appeared as a pineapple
paste
The catalyst was moved to the oven, where it was dried at 80°C for 3 hours
Chunks of the yellow material were broken up with a mortar and pestle
The granules were placed in a muffle furnace, which was heated by 1°C/min to a
maximum temperature of 400°C, where it was held constant for 4 hours before cooling
to room temperature

Figure 59. Images of the IWI synthesis of 3Pt/SiO2. (From left to right) The platinum solution was added
dropwise to the silica support until the pores were filled. The sample was dried in the oven and crushed
to size. The sample was calcined in a muffle furnace to oxidize the platinum.
H.

3 wt% Ru/SiO2
•
•
•
•

0.0617 g of RuCl3 was weighed out along with 1.5317 g of deionized water
The dark ruthenium solution was added dropwise to 1.0085 g of silica and stirred to
break up any chunks of support. The final mixture appeared as a dark brown paste
The catalyst was moved to the oven, where it was dried at 80°C for 3 hours
Chunks of the light brown material were broken up with a mortar and pestle
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•

The granules were placed in a muffle furnace, which was heated by 1°C/min to a
maximum temperature of 350°C, where it was held constant for 4 hours before cooling
to room temperature

Figure 60. Images of the synthesis of 3Ru/SiO2. (From left to right) The ruthenium solution is added
dropwise to the silica support until the pores were filled. The sample was dried in the oven and crushed
to size. The sample was calcined in a muffle furnace to oxidize the ruthenium.
I.

3 wt% Rh/SiO2
•
•
•
•
•

0.0731 g of RhCl3 • xH2O (where x = 2.5) was weighed out along with 1.5362 g of
deionized water
The red rhodium solution was added dropwise to 1.0076 g of silica and stirred to break
up any chunks of support. The final mixture appeared as a dark red paste
The catalyst was moved to the oven, where it was dried at 80°C for 3 hours
Chunks of the light brown material were broken up with a mortar and pestle
The granules were placed in a muffle furnace, which was heated by 1°C/min to a
maximum temperature of 350°C, where it was held constant for 4 hours before cooling
to room temperature

Figure 61. Images of the synthesis of 3Rh/SiO2. (From left to right) The rhodium solution is added
dropwise to the silica support until the pores were filled. The sample was dried in the oven and crushed
to size. The sample was calcined in a muffle furnace to oxidize the rhodium.
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J.

3 wt% Ir/Al2O3
•
•
•
•
•
•

Incipient Wetness Test revealed that 3.8608 g of water could fit inside the pores of
3.6130 g of gamma alumina (Ratio H2O:Support = 1.07)
0.1543 g of IrCl4 was weighed out along with 3.2249 g of deionized water
The dark iridium solution was added dropwise to 2.9960 g of gamma alumina and
stirred to break up any chunks of support. The final mixture appeared as a dark gray
paste
The catalyst was moved to the oven, where it was dried at 80°C for 3 hours
Chunks of the light blue material were broken up with a mortar and pestle
The granules were placed in a muffle furnace, which was heated by 1°C/min to a
maximum temperature of 350°C, where it was held constant for 4 hours before cooling
to room temperature

Figure 62. Images of the IWI synthesis of 3Ir/Al2O3. (From left to right) The iridium solution was added
dropwise to the gamma alumina support until the pores were filled. The sample was dried in the oven
and crushed to size. The sample was calcined in a muffle furnace to oxidize the iridium.
K.

Procedure for synthesis of 3 wt% Ir/meso-BEA IWI (Martinez IWI)
•
•
•
•
•

An Ir solution was prepared with 0.0556 g of IrCl4 and 0.7124 g of deionized water
Using the same Cs-Na-meso-BEA support prepared for the “Ir/meso-BEA IE” catalyst
(Reference E), 1.0005 g of support was added to a ceramic dish
The dark Ir solution was then added dropwise to the ion-exchanged zeolite and the
mixture was stirred and mixed to evenly distribute the metal on the support
The catalyst was dried in the oven at 80°C for 3 hours
After breaking up the catalyst with a mortar and pestle, the sample was placed in a
muffle furnace and heated to 350°C for 4 hours using a ramp of 1°C/min
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APPENDIX B
EVALUATION OF POTENTIAL MASS TRANSPORT LIMITATIONS
DECALIN RING OPENING CATALYSTS
To determine the presence of any potential internal mass transfer limitations, the Weisz-Prater
number (𝑁78 ) was calculated for each catalyst using Equation B1.
3

𝑁78 = ,!"#
*

%
9$

Equation B1

& '((

where 𝑟/:6 is the observed reaction rate (in units of mol decalin (cm3 catalyst)-1 s-1), 𝑅2 is the radius of the
catalyst particle (the minimum sieved particle size), 𝐶; is the decalin concentration at the surface of the
catalyst (which was assumed to be equivalent to the bulk concentration), and 𝐷<== is the effective
diffusivity of decalin in n-hexane. The effective diffusivity was calculated using the equation 𝐷<== =
𝜀 # 𝐷>? , where 𝜀 is the support porosity and 𝐷>? is the diffusivity of decalin in n-hexane and was estimated
by the Wilke-Chang equation (Equation B2).105
𝐷>? =

@.B×DE)* (H'% )+.- J

Equation B2

KL.+./

where Φ is the factor for solute-solvent interactions (assumed to be equal to 1), 𝑀# is the molecular
weight of n-hexane, 𝑇 is the reaction temperature (548 K), 𝜇 is the solvent viscosity, and 𝑉D is the molar
volume of decalin at the boiling point. At the conditions where internal mass transport limitations would
be largest, we calculated the Weisz-Prater numbers for each of the catalysts and reported them in Table
12. Weisz-Prater numbers below 0.3 correspond to effectiveness factors of greater than 95%,59,96 and
since our results are all less than 0.3, it indicates that the data is likely free of any significant internal mass
transfer limitations.
Table 12. Weisz-Prater number and Mears' criterion values for each of the catalysts.
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Catalyst

Weisz-Prater Number

Mears’ Criterion

Ir/BEA
Ir/1xNaBEA
Ir/1xCsBEA
Ir/2xCsBEA
Ir/Al2O3
Ir/SiO2

0.070
0.040
0.061
0.071
0.067
0.102

0.011
0.006
0.010
0.011
0.010
0.016

To determine the presence of any external mass transfer limitations, Mears’ criterion (Equation
B3) was evaluated.69
3!"# 9$
M0 ,1

Equation B3

≤ 0.15

where 𝐶? is the bulk concentration of decalin and 𝑘5 is the bulk mass transfer coefficient, which was
calculated from the Sherwood number using the definition of the Reynolds and Schmidt numbers. For
each of the six catalysts, the calculated numbers are displayed in Table 12. With these results in mind, it
is likely that the catalysts are free from significant external mass transfer limitations.
To ensure that the catalysts were free of any mass transport limitations, the Madon-Boudart test
was also applied.70 In this test, Madon and Boudart determined a way to determine if there were artifacts
in the measurements of the reaction rates on catalysts. To perform this experiment, the concentration of
active sites was intentionally altered while measuring the reaction rate.
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Figure 63. Madon-Boudart plot of surface site density versus reaction rate of Ir/SiO2 catalyst for decalin
ring opening. Reaction conditions: 275°C, 1.7 MPa, 0.15 g catalyst, WHSV varied to maintain <15%
conversion.
In this experiment, a 3 wt% Ir/SiO2 catalyst was intentionally sintered to decrease the
concentration of active sites on the catalyst surface. To do this, the catalyst was reduced under flowing
H2 at 550°C for 3 hours at a rate of 10°C/min. The results from Figure 63 show that as the surface site
density decreased, there was also a corresponding decrease in the reaction rate. The slope of the trendline
is slightly over 1, and for the Madon-Boudart test, a slope equal to one indicates that the reaction rate
(and not transport limitations) is likely limiting the system.70 Because these slopes are similar and the
Weisz-Prater and Mears’ criterion were all within appropriate ranges, we do not believe that there are
mass transport limitations in the system.
ALKYLNAPHTHENE RING OPENING CATALYSTS
To determine the presence of any potential internal mass transfer limitations, the Weisz-Prater
number was calculated for each reaction using Equation B4.
3

𝑁78 = ,!"#
*

%
9$

Equation B4
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where 𝑟/:6 is the observed reaction rate (in units of mol alkylnaphthene (cm3 catalyst)-1 (sec)-1), 𝑅2 is the
radius of the catalyst particle, 𝐶; is the alkylnaphthene concentration at the surface of the catalyst (which
was assumed to be equivalent to the bulk concentration), and 𝐷<== is the effective diffusivity of the
alkylnaphthene in n-hexane. The effective diffusivity was calculated using the equation 𝐷<== = 𝜀 # 𝐷>? ,
where 𝜀 is the support porosity and 𝐷>? is the diffusivity of the alkylnaphthene in n-hexane and was
estimated by the Wilke-Chang equation (Equation B5).105
𝐷>? =

@.B×DE)* (H'% )+.- J

Equation B5

KL.+./

where Φ is the factor for solute-solvent interactions (assumed to be equal to 1), 𝑀# is the molecular
weight of n-hexane, 𝑇 is the reaction temperature (either 523 or 598 K), 𝜇 is the solvent viscosity, and 𝑉D
is the molar volume of the alkylnaphthene at the boiling point. At the conditions where internal mass
transport limitations would be largest, we calculated Weisz-Prater numbers of 0.043 for Ir/SiO2, 0.014 for
Ir/Csb, and 0.006 for Pt/SiO2. Weisz-Prater numbers below 0.3 correspond to effectiveness factors of
greater than 95%,59,96 indicating that the data is free of any significant internal mass transfer limitations.
To determine the presence of any external mass transfer limitations, Mears’ Criterion Equation
B6 was evaluated.69
3!"# 9$
M0 ,1

Equation B6

≤ 0.15

where 𝐶? is the bulk concentration of the alkylnaphthene and 𝑘5 is the bulk mass transfer coefficient,
which was calculated from the Sherwood number using the definition of the Reynolds and Schmidt
numbers. For each of the three catalysts, the calculated numbers were 2.5 × 10N$ for Ir/SiO2, 8.7 × 10N!
for Ir/CsBEA, and 4.7 × 10N! for Pt/SiO2. With these numbers in mind, it is likely that the catalysts are free
from significant external mass transfer limitations. A Madon-Boudart plot70 was also made for MeC6 ring
opening, and the plot is shown in Figure 64.
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Figure 64. Madon-Boudart plot for MeC6 ring opening on an Ir/SiO2 catalyst. Reaction conditions: 250°C,
1.7 MPa, 0.15 g catalyst, H2:hydrocarbon ratio of 30:1, conversion <10%.
Using the same intentionally sintered catalyst as for decalin ring opening, the Madon-Boudart plot
(Figure 64) shows a slope of 0.91, which is roughly equal to 1. For the Madon-Boudart test, a slope equal
to one indicates that the reaction rate (and not transport limitations) is likely limiting the system.70
Because these slopes are similar and the Weisz-Prater and Mears’ criterion were all within appropriate
ranges, we do not believe that there are mass transport limitations in the system.
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